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Foreword

Semiconductors entered the nanotechnology era when they went below the 100 nm 
technology node a few years ago. Today the industry is shipping 65 nm technology 
wafers in high volume, 45 nm is in production, with 32 nm working at the develop-
ment stage. While the predictions that Moore’s Law has reached it practical limits 
have been heard for years, they have proven to be premature. And it is expected 
that the technology will continue to move forward unabated for some years before 
it comes close to the basic physical limits to CMOS scaling.

Consumers are becoming the dominant force for electronic products. The indus-
try has learnt that the consumer market is driven by many factors other than CMOS 
scaling alone. Functional diversification, accomplished through integration of mul-
tiple circuit types, and different device types, such as MEMs, optoelectronics, 
chemical and biological sensors and others, provides electronic product designers 
with different functional capabilities meeting the needs, wants, and tastes of con-
sumers. This functional diversification together with cost, weight, size, fashion and 
appearance, and time to market, are critical differentiators in the market place. 
These two technology directions are often described as “More Moore” and “More 
than Moore”.

Packaging is the final manufacturing process transforming semiconductor 
devices into functional products for the end user. Packaging provides electrical 
connections for signal transmission, power input, and voltage control. It also pro-
vides for thermal dissipation and the physical protection required for reliability. 
Packaging governs the size, weight, and shape of the end product and is the enabler 
for functional diversification through package architecture and package design. In 
the new landscape of advancing device technology nodes, and a dynamic consumer 
market place, packaging can become either the enabling or limiting factor. This 
market force has resulted in an unprecedented acceleration of innovation. Design 
concepts, packaging architecture, material, manufacturing process, equipment, and 
system integration technologies, are all changing rapidly. 

Materials are at the heart of packaging technology. Packaging material contrib-
utes significantly to the packaged device performance, reliability and workability 
as well as to the total cost of the package. With the driving forces from “More 
Moore” and “More than Moore,” the challenges for packaging materials have 
broadened from traditional package requirements for future generation devices to 
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include those for new package types, such as the system in package (SiP) families, 
wafer level packaging,  integrated passive device (IPD),  through silicon vias 
(TSV), die and wafer stacking, 3D packaging, and RF, MEMs, physical, chemical 
and biological sensors, and optoelectronics applications. It is believed that materi-
als in use today cannot meet the requirements of future packaging requirements. 
This is particularly true for complex SiP structures where hot spots, high currents, 
mechanical stresses for very thin die and ever shrinking geometries would require 
electrical, thermal, and mechanical properties that are beyond those of existing 
materials and manufacturing processes.

Nanomaterials and nanotechnologies promise to offer significant solutions 
towards packaging technology challenges in coming years. Carbon nanotubes 
(CNTs), nanowires and nanoparticles, have shown unique electrical, thermal, and 
mechanical properties orders of magnitude superior to current packaging materials 
used today. They had fired up the imaginations of engineers and scientists alike. 
How to design the next generation packaging materials and develop materials 
processing and application methodologies utilizing the nanomaterials’ unique physi-
cal properties is an important question for the electronic packaging community.

Do CNTs have a place in future generation low-dimensional thermal interface 
materials (TIM), smoothing out the hot spots and taking higher levels of thermal 
energy away from the die? How do we utilize the CNT electrical properties for 
future generation high density packages? What role will nanoparticles play in the 
new generation passives? How would macromolecules be designed into polymer 
materials to provide specific electrical, thermal and mechanical properties required 
for the package function? With advances on the science and technology of nano-
materials, one envisions that whole new classes of materials will be introduced into 
the packaging structure to enable high power, high density interconnects, and new 
package features such as embedded and integrated passives, stacked and thinned 
dies, wafer level process, TSVs, MEMS, sensors, and medical and bio-chip 
applications.

This book is a compendium of in depth reviews written by some of the leading 
practitioners in the field. They cover the broad aspects of the field from materials 
preparations, materials properties, surface modifications, engineering applications, 
mathematical simulations, and “More than Moore” technical issues. It is a timely 
and important contribution to the technical literature for practitioners and research-
ers in the electronic industry field.

The editor of this book is a member of the IEEE Nanotechnology Council. Many 
of the contributors are from the IEEE/CPMT Society membership. They are to be 
congratulated for bringing this very important topic forth in the timely manner for 
the benefit of the electronic packaging and materials community.

Santa Clara, CA William T. Chen

vi Foreword
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Preface

Moore’s Law has been remarkably effective over 40 years or so in predicting the 
march of CMOS technology, as device dimensions shrank to mils, to microns, to 
nanometers. With continued CMOS shrinkage projected to 20 nm, there is clearly 
continued life in the technology, despite past predictions of its demise which turn 
out to be, like Mark Twain’s, greatly exaggerated. However, the day will clearly 
come when the physical device structure cannot be supported at near atomic dimen-
sions, but despite concerted research, no obvious successor technology has yet 
emerged as a clear winner. One of the factors in identifying that technology must 
be consideration of packaging techniques and design for reliability. However, 
package design depends on the nature of the basic device technology, and the deci-
sion process goes in circles.

However, the rapid development of nanotechnologies in almost every branch of 
science and engineering is already yielding new approaches to packaging materials 
and techniques, and these should be well developed and compatible for the next 
generation of devices, whether they are single electron transistors, spintronics, 
carbon nanotube transistors, molecular electronic devices, or something not yet 
envisaged.

While the packaging of nanoelectronic devices has been slowed by uncertainty 
of which device technology will turn out to be commercially viable, nanotechnolo-
gies are being developed to address current packaging problems of microelectronic 
systems, with details showing up in many conference presentations, e.g., at the 
annual IEEE Electronic Component and Technology Conference. However, many 
experts in nanotechnologies are unaware of the possible applications in electronics 
packaging, and conversely many packaging engineers are unfamiliar with the 
potential of nanoscale materials and devices. This book is intended to bridge that 
gap, with Chap. 1 introducing the scope of the field with a literature survey.

Then three chapters deal with computer modeling in nanopackaging. Bailey 
et al. take a high-level approach to the modeling process in Chap. 2, backed up with 
multiple examples of nanoscale modeling in packaging, present and future, 
 including nanoimprinting, solder paste printing, microwave heating, underfill, and 
anisotropic conductive film. Chapter 3 from Fan and Yuen and Chap. 4 from van 
der Sluis et al. both focus on the molecular modeling technique, especially for 
interfacial characterization, with applications to carbon nanotube (CNT) thermal 
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performance, moisture diffusion and thermal cycling, and delamination failures. 
The intention in each case is to understand macroscale package properties by mod-
eling at nanoscale dimensions, and emphasize the need to be able to transfer model-
ing results between software at different length scales.

The bulk of the book from here on splits naturally into nanoparticle and CNT 
applications.

Morris covers fundamental metal nanoparticle properties in Chap. 5, with intro-
ductions to melting point depression, the coulomb block, interface diffusion effects, 
optical absorption, sintering, etc. The references in this chapter intentionally 
include many from the earliest days on nanotechnology research, to make the point 
that much work was done before the current decade’s surge of interest and funding. 
Nanoparticle fabrication is introduced in Chap. 6 by Hayashi et al., who concen-
trate on an ecologically friendly sonochemical technique. Other fabrication meth-
ods are touched on in other chapters, including Chaps. 7 and 14.

The next three chapters consider nanotechnologies for passive devices, which 
are moving into the substrate as embedded components. The development of 
nanoparticle based high-k dielectrics is covered by Lu and Wong in Chap. 7, with 
consideration of the effects of both metallic and ferroelectric nanoparticles on 
material performance. At higher metal loading levels, the cermet (ceramic–metal, 
or polymer–metal) material becomes resistive, and cermets have been used as resis-
tors in various applications for decades. The basic principle of operation balances 
the nanoscale effects of activated tunneling and percolation, as explained by Wu 
and Morris in Chap. 8. Nanoparticle applications in passive components are 
rounded out by the Jha et al.’s Chap. 9 on inductors and antennas, which are essen-
tial to portable wireless systems. These are generally micron-sized devices with 
nanoscale features, e.g., size effects, surface roughness, and nano-granular materi-
als (for which classical theory does not match the properties).

Nanoscale engineering of isotropic conductive adhesives (ICAs) in Chap. 10, by 
Lu et al., covers both nanoparticle additives (i.e., low temperature nanosintering, 
CNT additives, etc.,) and enhancements by surface treatments. Chapter 11 by Das 
and Egitto deals with printed wiring board (PWB) microvias, and especially nanopar-
ticle loaded fillers. Completing this group of three chapters, Felba and Schäfer cover 
nanoparticle-based PWB interconnect developments in Chap. 12, including progress 
toward a printable solution, and sintering (or laser sintering) of nano-Ag.

Soldering is the core technology of circuit assembly, so it is not surprising that 
researchers would explore the possible benefits of nanoparticle or CNT additives. 
As it turns out, Co, Ni, or Pt nanoparticles have some dramatic effects in limiting 
intermetallic compound (IMC) growth and hence mechanical failure by brittle 
fracture. These effects and others are covered by Amagai in Chap. 13.

Lall et al. describe the use of ceramic nanoparticle additives to lower the coeffi-
cient of thermal expansion in underfill in Chap. 14, the final chapter on nanoparti-
cles. To model this effect, they also consider the problems of random distributions, 
viscoelasticity, etc.

The cluster of CNT chapters is introduced by two from the same research group. 
Various CNT fabrication techniques are reviewed in Chap. 15, by Yadav et al., and 
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then Chap. 16 follows up with a review of basic CNT properties, characterization, 
and applications from Kunduru et al., who provide a primer on some device 
research which parallels the work described in this book.

High thermal conductance CNT microchannel cooling is described by Liu and 
Wang in Chap. 17, where they also cover the thermal conductance of CNT bumps and 
a novel electro-spun thermal interface material incorporating metal nanoparticles.

High CNT conductance suggests CNT—polymer composites for light weight 
electromagnetic shielding, and Cheng et al. present their work on the effectiveness 
of this technique in Chap. 18.

Chapter 19 provides the CNT parallel to Chap. 13, with the account by Kumar 
et al. of the results of adding CNTs to both eutectic Sn–Pb and Pb-free solders, with 
the verdict that essentially every parameter of interest can be improved.

The subject moves from CNTs to nanowires in Chap. 20 by Fiedler et al. The chap-
ter includes both applications and fundamental problems, with an extensive biblio-
graphic review. Then Ma et al. introduce a novel stress-engineered cantilever technique 
to form free-standing interconnect wires (or springs) in Chap. 21. Micron-scale struc-
tures are described first, before demonstrating their reduction to the nanoscale.

There is very little in the current literature about the specific packaging prob-
lems of either extreme CMOS shrinkage (to 45 nm and below) or future disruptive 
nanoelectronics technologies. Chapter 22 by Mallik et al. is devoted to the shrink-
ing CMOS issue, providing historical perspective and analysis of the nm-CMOS 
challenges, along with insights on the future.

Zhang rounds out the book in Chap. 23 with a broad top-down overview of future 
directions of the industry as microelectronics moves to nanoelectronics, with both 
“More Moore” and “More-than-Moore” applications beyond CMOS integration.

Most chapters include a focus on the authors’ own research in each respective 
field, but all end with extensive reference listings. The intentions of the book are to 
present an overview of each topic area, usually with the deeper treatment of one 
particular aspect, and especially to provide the reader with a resource for future 
study of those of interest. Hopefully, the book will pique such interest.

Portland, OR James E. Morris
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   Chapter 1   
 Nanopackaging: Nanotechnologies 
and Electronics Packaging       

     James E.   Morris       

  1.1 Introduction  

 It often seems that the promise of nanotechnology’s impact on everyone’s quality 
of life is as overhyped as past promises of endless cheap energy from cold fusion 
and high-temperature superconductivity. But there are two major differences. 
While the term “nanotechnology” has caught the attention of industry, legislators, 
and research funding agencies, in most cases the technologies in question are 
rooted in steady research progress in the field in question, as fabrication and char-
acterization techniques have steadily conquered ever smaller dimensions, with the 
parallel development of theory to explain and model the new phenomena exposed. 
Furthermore, nanotechnologies have already yielded everyday consumer benefits 
beyond stain-resistant clothing and transparent sunblock. So, it is hardly surprising 
to discover active research and development programs in nanotechnology applica-
tions to electronics packaging, with special nanotechnology sessions at electronics 
packaging research conferences and research journal papers demonstrating the 
range and progress of these applications. 

 The definition of nanotechnology is usually taken to be where the size of the 
functional element falls below 100 nm or 0.1 µm. Of course, according to this defi-
nition, and with 45-nm CMOS in production, the nanoelectronics era is already 
here. Furthermore, with metallic grain sizes typically below this limit, one might 
also argue that solder has always qualified as a nanotechnology, along with many 
thin film applications. So, the requirement that the specific function depends upon 
this nanoscale dimension is conventionally added to the definition. According to 
this  caveat , MOSFET technology, for example, would not qualify by simple device 
shrink, but would at dimensions permitting ballistic charge transport. 

 Nanotechnology drivers are the varied ways in which materials properties 
change at low dimensions. Electron transport mechanisms at small dimensions 
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2 J.E. Morris

include ballistic transport, severe mean free path restrictions in very small nanopar-
ticles, various forms of electron tunneling, electron hopping mechanisms, and 
more. Other physical property changes include:

  •  Melting point depression, i.e., the reduction of metal nanoparticle melting 
points at small sizes  [1] , although this is unlikely to be a factor in packaging 
applications with even 10% reductions typically requiring dimensions under 
5 nm  [2]   

 •  Sintering by surface self-diffusion, which is thermally activated, with net diffu-
sion away from convex surfaces of high curvature  [3]   

 •  The Coulomb blockade effect, which requires an external field or thermal source 
of electrostatic energy to charge an individual nanoparticle, and is the basis of 
single-electron transistor operation  [4]   

 •  Theoretical maximum mechanical strengths in single grain material 
structures  [5]   

 •  Unique optical scattering properties by nanoparticles that are one to two orders 
smaller than the wavelength of visible light  [6]   

 •  The enhanced chemical activities of nanoparticles, which make them effective 
as catalysts, and other effects of the high surface-to-volume ratio    

 New nanoscale characterization techniques will be applied wherever they can provide 
useful information, and the atomic force microscope (AFM), for example, is rela-
tively commonly used to correlate adhesion to surface feature measurements. More 
recently, confocal microscopy has been applied to packaging research  [7] , but it is 
especially interesting to note the development of a new instrument, such as the 
atomic force acoustic microscope  [8] , which adapts the AFM to the well-known 
technique for package failure detection.  

  1.2 Computer Modeling  

 The use of composite materials is well established for many applications. But, 
while overall effective macroscopic properties are satisfactory for computer mode-
ling of automotive body parts, for example, they are clearly inadequate for struc-
tures of dimensions similar to the particulate sizes in the composite. The modeling 
of such microelectronics (or nanoelectronics) packages must include two-phase 
models of the composite structure, and this general principle of inclusion of the 
nanoscale structural detail in expanded material models must be extended to all 
aspects of package modeling  [9] . The extended computer models can be based on 
either the known properties of the constituent materials (and hopefully known at 
appropriate dimensions) or the measured nanoscale properties (e.g., by a nanoin-
denter  [10 ,  11]  or AFM  [12] ). Molecular Dynamics modeling software has been 
particularly useful in the prediction of macroscale effects from the understanding 
of nanoscale interactions  [13] .  
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1 Nanopackaging 3

  1.3 Nanoparticles  

  1.3.1 Nanoparticles: Fabrication 

 Noble metal nanoparticles have been fabricated by an ultrasonic processing tech-
nique  [14] , and Ag/Cu with “polyol”  [15] . Alternatively, a precursor may be used, 
e.g., AgNO 

3
  for Ag nanoparticles, and there are techniques to control the particle 

shapes, e.g., spherical, cubic, or wires  [16] .  

  1.3.2 Nanoparticles: High-k Dielectrics 

 The move toward embedded passive components at both on-chip and PWB levels 
has prompted a search for high dielectric constant materials for low area capacitors. 
High dielectric constants can be achieved by the inclusion of high dielectric constant 
particulates and minimal thickness. The latter requirement pushes one toward nano-
scale particulates, with examples of the former covering ceramic  [17 – 20] , silicon 
 [21] , and metal  [22 – 26] . The ceramic particles are generally barium titanate, e.g., 
applied to organic FETs with composite  k  around 35  [18] ; in such materials, the 
particle surface energy must be reduced to avoid aggregation  [19] . 

 The target  k  is 50–200, and while  k  ∼ 150 has been achieved, it is at the expense 
of high leakage (dielectric loss). Similar structures have been studied in the past as 
“cermets” (ceramic–metal composites) for high resistivity materials for on-chip 
resistors  [27] , which conduct by electron tunneling between particles. At low fields, 
the nanoparticles can act as Coulomb blocks to minimize DC leakage if they are 
sufficiently small  [21] , but still do not eliminate it at finite temperature  [28] . It is 
the AC performance which is more important, however, and interparticle capaci-
tance will bypass the block unless pseudoinductive effects develop at capacitor 
thicknesses which permit even short nanoparticle chains  [29] . 

 An alternative approach to leakage is to use aluminum particles, to take advan-
tage of the native oxide coating  [24] , with  k  ∼ 160 achieved  [25] . Ag/Al mixtures 
have also been studied  [26] . 

 Note that thermally conductive materials have very similar structural requirements 
to the passive components, with metallic or SiC nanoparticles as fillers  [30] .  

  1.3.3 Nanoparticles: Electrically Conductive Adhesives 

 The addition of smaller µm diameter silver powder to 10-µm silver flakes in iso-
tropic conductive adhesives reduces resistance by inserting bridging particles 
between the flakes. The simple addition of nanoparticles does not improve conduct-
ance, due to mean free path restrictions and added interface resistances, and the 
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same principles limit the performance of alumina-loaded thermal composites  [31] . 
The addition of silver nanoparticles does achieve dramatic reductions, however, by 
sintering wide area contacts between flakes  [32] , a principle also applicable to via 
fill  [33] . Filler nanoparticle sintering can also improve anisotropic conductive adhe-
sive performance  [34] , aided by contact conductance enhancement by the addition 
of self-assembly molecular surface treatments  [32 ,  35 ,  36] . Sintering effects have 
also been shown to improve contacts in materials with sufficiently low filler content 
as to be regarded as nonconductive adhesives  [37] .  

  1.3.4 Nanoparticles: Interconnect 

 Surface electrical interconnect for board and package levels can be achieved by 
screen-printing nanoscale metal colloids in suspension  [38] , and there has been 
recent effort to achieve the same effect by ink-jet printing  [39 – 41] . Electrical con-
tinuity is established by sintering, e.g., of 5–10-nm silver particles  [42 – 46] . 
Sintered Ag nanoparticles can also be used for die attach  [47] . As a variation, mag-
netic composite films (e.g., Co/SiO 

2
  in BCB and Ni/ferrite in epoxy) have been 

screen-printed for antennas  [48] . Sn/Ni bumps have also been grown on Sn from a 
nm Ni slurry  [49] .  

  1.3.5 Nanoparticles: Silica Filler in Underfill 

 The key advantage of nanoscale silica particles in underfill formulations is that they 
resist settling  [50] . They also scatter light less than the larger traditional fillers, 
permitting UV optical curing, and providing a dual photoresist function from a sin-
gle material  [51]  and other advantages of optical transparency  [52] . The higher vis-
cosity of the nanofilled material can be reduced by silane surface treatments  [53] .  

  1.3.6 Nanoparticles: Solder 

 The addition of Pt, Ni, or Co nanoparticles to no-Pb Sn–Ag -based solders  [54 ,  55]  
eliminates Kirkendall voids, reduces intermetallic compound (IMC) growth, and 
reduces IMC grain sizes, significantly improving drop test performance  [56] . 
Similarly, Ni or Mo nanoparticles promote finer grain growth, increased creep 
resistance, and better contact wetting  [57] . Nanoparticles in the grain boundaries 
also inhibit grain boundary sliding and thermomechanical fatigue, but a similar 
function can be provided by 1.5-nm SiO 

1.5
  polyhedral oligomeric silsesquioxane 

structures with surface-active Si-OH groups  [58] .   
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1 Nanopackaging 5

  1.4 Carbon Nanotubes  

  1.4.1 Carbon Nanotubes: Solder 

 The addition of carbon nanotubes (CNTs) to solder can also have beneficial effects, 
e.g., 30–50% improvements in tensile strength  [55 ,  59] .  

  1.4.2 Carbon Nanotubes: Thermal 

 The high thermal conductivity of CNTs is being exploited for microelectronics chip 
cooling both directly in conductive cooling and indirectly in convective cooling 
systems  [60 ,  61] . For conductive systems, the key is to establish CNT alignment 
 [59] , since the thermal conductivities of random arrays (of CNTs and carbon fibers 
alike) fall far short of expectation, showing no advantages over conventional mate-
rials, often also because of CNT fracture at the substrate  [62] . In one of the most 
advanced techniques, vertical CNTs are first grown on both the aluminum heat sink 
and silicon chip surfaces, which are then positioned a few µm apart in a CVD fur-
nace, enabling the CNTs from the two surfaces to grow further and connect with 
each other  [59] . Composites incorporating CNTs have also been studied for thermal 
interface materials, e.g., CNT/carbon black mixtures in epoxy resin  [63] . The use 
of a liquid crystal resin matrix can impose structural order on the CNT alignment 
to yield a sevenfold improvement in thermal conductivity  [64] . Recently, electro-
spun polymer fibers filled with CNTs, or with SiC or metallic nanoparticles, have 
shown advances in both mechanical and thermal properties  [65] . 

 So far, convective CNT cooling has been limited to the use of µm-scale clusters 
of vertically grown nanotubes  [66 ,  67] . These clusters define microchannels for 
coolant flow which look very much like the metal or silicon structures they aim to 
replace (Fig. 17.7) with similar thermal performances. The problem is that the 
flowing coolant is only in contact with the outermost CNTs of the clusters and the 
internal CNTs are not even in good contact with each other. The system has been 
modeled  [60]  and the solution is clearly to spread the CNTs apart by an optimal 
separation to permit coolant contact with each one  [66] . The problem then is 
whether individual CNTs can withstand the coolant flow pressure without detach-
ing from the substrate.  

  1.4.3 Carbon Nanotubes: Electrical 

 An important development has been the ability to open CNTs after growth  [68] , 
since the open ends permit better wetting by Sn/Pb (and presumably other metals) 
for improved electrical contact. Au and Ag incorporation into CNTs and fullerenes 
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has also been studied for electrical contacts with minimal galvanic corrosion  [69] . 
Metal- and carbon-loaded polymers have long been used for high-frequency con-
ductors in electromagnetic shielding, and both carbon fibers  [70]  and multiwalled 
CNTs have been studied in polymer matrices for the purpose  [71 ,  72] , but CNT 
replacement of metal filler in isotropic conductive adhesives  [73 – 75]  does not even 
match the electrical conductivity of standard materials  [75 ,  76] . However, 10–50-
µm long Ag/Co nanowires of 200-nm diameter can be maintained in a parallel 
vertical orientation by a magnetic field while polymer resin flows around them 
 [77] , to form an anisotropic conductive film for  z -axis contacts  [78 – 80] . CNT inter-
connection schemes are also under intense study  [81 – 84] , with µm-scale CNT 
clusters successfully developed as flip-chip “nanobumps”  [85] .  

  1.4.4 Carbon Nanotubes: Fabrication 

 CNT growth can be accomplished for both electrical and thermal applications by 
chemical vapor deposition  [86] , with satisfactory solder wetting of the CNTs for 
electrical contacts.   

  1.5 Nanoscale Structures  

 The incorporation of nanodiamond particles into an electroless Ni film coating on 
an electrothermal actuator  [87]  can improve cantilever performance by changing 
the thermal and mechanical properties. In a truly impressive development, the 
microspring contacts originally developed at PARC-Xerox have been downsized to 
10-nm wide cantilevers, still 10-µm long, for biological sensing  [88]  (Fig. 21.10). 
Nanoimprinting technology is also being used to fabricate optical interconnect 
waveguides in organic PCBs  [89] .  

  1.6 “Nanointerconnects”  

 The “nanointerconnect” terminology is applied to interconnect structures which are 
clearly µm-scaled  [90 – 97] . The ITRS roadmap calls for 20–100-µm pitch intercon-
nects for nanoelectronics systems of feature size under 100 nm  [93] , which has 
prompted studies of nanograin solders  [90]  or copper  [92] , nanocrystalline copper 
and nickel  [93] , and nanoscale via fillers  [91] , all for applications at around 30–35-µm 
pitch  [90 ,  92] . Some nanointerconnect options are reviewed in  [95] . Other technol-
ogies can be included in this group, too, e.g., metal-coated polymer posts on a similar 
scale  [95] , and embedded micro- or nanoelectrodes for biological flow sensing  [97] . 
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Control of the interfacial surface charge on the nanoelectrode in contact with the 
fluid can be used to control the flow  [97] .  

  1.7 Conclusion  

 The importance of nanoelectronics and “electro-nanotechnologies” in the future is 
sufficiently well recognized to have become the subject of industrial and govern-
ment policy roadmaps  [98] . Similarly, the academic world is responding with grad-
uate level courses (although with few textbooks so far). As for electronics 
packaging, the field requires students to be “subject multilingual”  [99] . 

 One of the surprising observations to come out of this survey, in full agreement 
with prior comment  [100] , has been that there is almost no work reported on the 
development of packaging for future nanoelectronics technologies. The “nanointer-
connect” work  [90 – 95]  is directed toward continued Moore’s Law shrinkage of sili-
con, but only one paper specifically addresses the impact of the package on the 
device  [101] , specifically of organic flip-chip packaging of 110-nm CMOS. 
Candidate next-generation nanoelectronics technologies (e.g., single-electron tran-
sistors, quantum automata, molecular electronics, etc.) are generally hypersensitive 
to dimensional change, if based on quantum-mechanical electron tunneling, and 
this is just one example of how appropriate packaging will be essential to the suc-
cess or failure of these technologies  [102] . Packaging strategies must therefore be 
developed in parallel with the basic nanoelectronics device technologies to make 
informed decisions as to their commercial viabilities. 

 Another observation is that the work to date has been highly concentrated in a 
few laboratories, as reported in  [103 ,  104] , where the numbers of nanotechnology 
papers presented at the annual  IEEE Electronic Components & Technology 
Conference  are tracked. 

 New materials are emerging from small companies and university labs all the 
time, and with diverse applications beyond those discussed above  [105] .      
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   Chapter 2   
 Modelling Technologies and Applications       

     C.   Bailey(*ü ),        H.   Lu,       S.   Stoyanov,       T.   Tilford,       X.   Xue,       M.   Alam,       C.   Yin,     
and   M.   Hughes      

  2.1 Introduction  

 Numerical modelling technology and software is now being used to underwrite the 
design of many microelectronic and microsystems components. The demands for 
greater capability of these analysis tools are increasing dramatically, as the user 
community is faced with the challenge of producing reliable products in ever 
shorter lead times. 

 This leads to the requirement for analysis tools to represent the interactions amongst 
the distinct phenomena and physics at multiple length and timescales. Multi-physics and 
Multi-scale technology is now becoming a reality with many code vendors. Figure  2.1  
illustrates the interaction between physics-based modelling tools and optimisation in 
predicting the behaviour and reliability of microsystems devices from device fabrica-
tion, its packaging, test and qualification, and finally in-service performance.  

 This chapter discusses the current status of modelling tools that assess the 
impact of nano-technology on the fabrication/packaging and testing of microsys-
tems. The chapter is broken down into three sections: Modelling Technologies, 
Modelling Application to Fabrication, and Modelling Application to Assembly/
Packaging and Modelling Applied for Test and Metrology.  

  2.2 Modelling Technologies  

 All matter is made of atoms and molecules and its behaviour is ultimately governed 
by the law of quantum physics. However, in the macroscopic world, the fact that mat-
ter is a collection of discrete entities is often ignored because continuum theory and 
methods can be used to describe the material behaviour reasonably well at this length 
scale. The use of modelling tools across the length scales is classified in Fig.  2.2 .  
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  2.2.1 Continuum Modelling 

 Continuum mechanics modelling tools can be classified as:

  •   Computational fluid dynamics (CFD) : solving phenomena such as fluid flow, 
heat transfer, combustion, solidification, etc.  

 •   Computational solid mechanics (CSM) : solving deformation, dynamics, stress, 
heat transfer, and failures in solid structures  

 •   Computational electromagnetics (CEM) : used to solve electromagnetics, electro-
statics and magneto-statics    

  Fig. 2.1    Optimisation-driven numerical modelling for predicting reliable nano-packaging 
microsystems       

  Fig. 2.2    Modelling across the length scales       
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 Until recently, the majority of continuum mechanics codes focused on the 
prediction of distinct physics, but now there has been a strong push by software 
vendors to develop multi-physics or co-disciplinary tools that capture the complex 
interactions between the governing physics such as fluidics, thermal, mechanical 
and electrical. 

 The use of these continuum methods is justified for most electronic assemblies 
because the feature size in these assemblies is so large compared with the size of 
the atoms/molecules that there is an astronomically large number of atoms in any 
assembly. Table  2.1  details a number of commercial continuum mechanics codes as 
used by the microsystems packaging community.      

  2.2.2 Atomistic and Multi-Scale Modelling 

 To model a structure with a nano-scale dimension, modelling methods that take into 
account the structure and the interactions of the atoms and molecules have to be 
used. This kind of modelling is called atomistic modelling and the most frequently 
used atomistic modelling method is molecular dynamics (MD). 

 MD was first used by Alder and Wainwright  [1]  to simulate a system of hard 
spheres. The classic MD method uses simple potential functions to describe the 
interactions between atoms and molecules. The average effects of the electrons are 
assumed to be included in the potential. In the ab initio or the first-principle MD 
method, the interactions between the ions as well as the interactions between the 
electrons and the ions are taken into account and both the distribution of the elec-
tron and the movements of the ions are tracked in the modelling  [2] . The embedded 
atom method (EAM) and its variants such as the modified embedded atom method 
(MEAM) enhance the classic MD method by including a separate potential term 
that can be attributed to the effects of the electron  [3] . 

 In a classic MD simulation, the most important input is the potential function. In 
general, the function depends on the location of many atoms, but in many situations 
the most important term is pairwise, i.e. the potential depends only on the distance 
between two atoms. The best-known example of this type of potential function is 
the Lenard–Jones potential  [4] . But even with the use of this simple potential, the 
number of atoms that can be modelled using the MD method is still very small 
compared with the number of atoms in any small macroscopic object. Even in a 
large-scale MD simulation, the number of atoms is limited to a few million and the 
modelled time is in the order of pico-seconds to nano-seconds. 

 Table 2.1    Some continuum-based modelling tools  

 Software  Web address 

 ANSYS    http://www.ansys.com     
 COMSOL    http://www.comsol.com     
 ANSOFT    http://www.ansoft.com     
 FLOMERICS    http://www.flomerics.com     
 PHYSICA    http://www.physica.co.uk     
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 To bridge the length and time gaps between atomistic and continuum modelling, 
methods such as the particle-in-cell method can be used  [5] . This method takes into 
account atomic interactions in a physical phenomenon that takes place in a macro-
scopic system. Atomistic–continuum mechanics (ACM) is another method that 
combines the atomistic nature of materials with continuum mechanics  [6] . In this 
method, the lattice structure and the interactions between atoms are taken into 
account. The macroscopic mechanical properties can be derived but the dynamics 
of the atoms cannot be studied using this method.  

  2.2.3 Uncertainty and Optimisation Modelling 

 Simulation-based optimisation for virtual design prototyping of various electronic 
products and manufacturing processes has proven as an effective approach for proc-
ess characterisation and product development at the early design stages  [7] . 

 Design for nano-fabrication and nano-packaging itself is an extremely complex 
engineering task. The complexity of the nano-structures often makes real prototyp-
ing and testing difficult or expensive. Therefore, it is essential to incorporate at the 
early design stage methods that exploit not only numerical simulation for the physi-
cal behaviour but also techniques that allow for quantification and optimisation of 
the risk and reliability of the systems. Deterministic and stochastic simulation mod-
els are now emerging as valuable tools in modern design and to help managing and 
mitigating the associated failure risks. 

 Computational optimisation techniques can aid the identification of the optimal 
design/process specification and the formulation of design rules for optimal per-
formance/reliability of the fabricated nano-structures. However, in reality, such 
optimal package or process design, from deterministic point of view, may be far 
from a reliable and safe design solution. The reason for this is the presence of 
uncertainty which is inherent in various aspects of the nano-electronics. Natural 
variations can be found in the manufacturing and/or operational process parameters 
(e.g. operational temperature, humidity, etc.), the tolerances in the dimensions of 
the manufactured structures, the physical properties of the materials, etc. 

 Modelling and quantifying uncertainty can be undertaken using several different 
concepts and methods. The most popular approach is using probability theory. The 
key advantage is in the ability to quantify uncertainty of a design or process param-
eter using probability distribution functions (PDFs). This important concept relates 
to the definition of the so-called limit state function (failure surface) which quanti-
fies the reliability metric. The limit state is a function of the uncertain (random) 
design, material or process parameters  x  

1
 ,  x  

2
 ,…, x  

 n 
 , each of these assigned with 

appropriate PDFs that characterise their uncertainty. The limit state function can be 
expressed as

 g(x
1
, x

2
, ..., x

n
) = 0   (2.1)   
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 The failure domain is defined by  g ( x ) < 0 and the failure probability  p  
f
  is calculated 

by solving the following multi-dimensional integral:

 p
f
 = ∫

g(x)<0 
¦

X
(x

1
, x

2
,..., x

n
) dx

1
dx

2
...dx

n
,   (2.2)   

 where  f  is the joined PDF of the uncertainty input variables. 
 Commonly used techniques for uncertainty evaluation are the sampling methods 

such as the Monte Carlo simulation where samples of random variables are gener-
ated according to the parameter probability distribution and then the reliability 
function is directly evaluated and checked for failure  [8] . The proportion of the 
sample points for which failure is indicated through the limit state function approxi-
mates the failure probability. The disadvantage of these methods is the huge number 
of sampling point evaluations. A single evaluation might be complex, expensive 
and time consuming if uses experiment or high-fidelity analysis. Reduced-order 
models are used to overcome this limitation. These models offer fast analysis of the 
process or design, and therefore a fast evaluation of the reliability function. 

 A different numerical approach to evaluate failure probability is based on the 
construction of approximations of the limit state function using first- or second-
order Taylor series. These methods are known as first-order reliability methods 
(FORM) and second-order reliability methods  [9] . 

 There is an increased interest about non-probabilistic uncertainty modelling 
which can potentially overcome some of the limitations of the probabilistic 
approach and can handle in a better way ‘subjective’ uncertainty (e.g. lack of 
knowledge about the modelling process). Examples include the evidence theory 
 [10] , fuzzy sets and possibility theory  [11]  and interval-based approaches  [12] . 

 The uncertainty modelling is a key aspect in the procedure of reliability-based 
optimisation task formulation. Integrating reliability assessment into a design opti-
misation numerical framework results in a powerful and cost-effective design 
approach where probability constraints are handled and satisfied. A generic prob-
lem under uncertainty can be defined as 

 min
x
   F(x) 

 subject to: P(g(x < 0) ≤ p,   (2.3) 

   where  F ( x ) denotes the objective function (aspect of the design or process we aim 
to improve) and  p  is the acceptable limit for the failure probability associated with 
the state limit function  g ( x ). 

 There are various numerical techniques that can be used to find out the solution 
of the above optimisation problem. The interested reader is referred to  [13]  for 
more details on the most common numerical optimisation techniques. Reliability-
based design optimisation formulations offer convenient and automated virtual 
exploration of the design space defined by  x  to identify the best configuration of 
input parameters from the view point of the objective function and uncertainty 
(probabilistic) influenced requirements.  

Morris_Ch02.indd   19Morris_Ch02.indd   19 9/29/2008   8:40:47 PM9/29/2008   8:40:47 PM



20 C. Bailey et al.

  2.2.4 Future Challenges for Modelling Tools 

 There are a number of computational mechanics software tools now on the market. 
These technologies provide manufacturing engineers with the knowledge and 
design rules to help them deliver reliable products in time and at lower cost than 
could ever be achieved through physical prototyping alone. Although computa-
tional mechanics codes are now used in the design of manufacturing processes, 
there are still a number of challenges. These can be classified as:

   1.     Multi-physics . Many packaging processes are governed by close coupling 
between different physical processes. Computational mechanics tools are now 
addressing the need for multi-physics calculations, but more work is required to 
capture the physics accurately in these calculations.  

   2.     Multi-discipline . Thermal, electrical, mechanical, environmental and other fac-
tors are important in the design and packaging of microsystems products. 
Computational mechanics tools that allow design engineers from different disci-
plines to trade-off their requirements early in the design process will dramati-
cally reduce lead times.  

   3.     Multi-scale . Nano-packaging processes are governed by phenomena taking place 
across the length scales (nano–micro–meso–macro). Techniques that provide 
seamless coupling between simulation tools across the length scales are required.  

   4.     Fast calculations . Computational mechanics software that solves highly non-
linear partial differential equations is computed intensive and slow. There is a 
need for reduced-order models (or compact models) for nano-fabrication and 
packaging processes. Although not as accurate as high-fidelity finite element or 
atomistic modelling techniques, they provide the design engineer with the ability 
to quickly eliminate many unattractive designs early in the design process.  

   5.     Life-cycle considerations . Major life-cycle factors such as reliability, mainte-
nance and end-of-life disposition receive limited visibility in computational 
mechanics analysis. Future models will include all life-cycle considerations, 
such as product greenness, reliability, recycling, disassembly and disposal.  

   6.     Variation risk mitigation . Current product and process models used in computa-
tional mechanics usually ignore process variation, manufacturing tolerances and 
uncertainty. This will be very important for nano-packaging. Future models will 
include these types of parameters to help provide a prediction of manufacturing 
risk. This can then be used by the design engineer to enable them to implement 
a mitigation strategy.       

  2.3 Modelling Applied to Fabrication Processes  

 Fabrication of nano-structures that can be used in nano-packaging of electronic 
systems is considered in this section. Three techniques which illustrate a bottom-up 
(electro-deposition) and top-down (focused ion beam and print forming) approach 
to nano-fabrication are discussed. 
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  2.3.1 Modelling of Focused Ion Beam Milling Process 

 Focused ion beam (FIB) is a milling process used to remove material from a 
defined area or to deposit material onto it at micro- and nano-scales. The principle 
of operation for FIB is bombardment of a target surface through high energy gal-
lium Ga+ (or other) ions. As a result, small amounts of material sputter in the form 
of secondary ions, natural atoms and secondary electrons. 

 FIB process reduces dramatically the damage on the surface being subject to 
ion bombardment compared with other classical methods. In the FIB process, a 
critical variable to control is depth variation. This is essential to ensure suitable 
fabrication of 3D nano-features, miniaturised objects, masks and moulds for vari-
ous microsystems. 

 A mathematical model that can be used to predict the etched shape or to calcu-
late the dwell times required to achieve a predefined shape has been developed 
 [14 ,  15] . This model assumes a square pixel matrix placed over the target surface. 
The sputtering model is then distributed over each element of the pixel matrix, so 
that a system of linear equations that relates the dwell times  t  

 ij 
  with the sputtering 

depth  H  
 ij 
  at any pixel ( i ,  j ) is constructed. A brief outline of the model is given below. 

 If ( x  
 i 
 ,  y  

 j 
 ) denotes the centre of the pixel ( i ,  j ), then the sputtering at this pixel in 

terms of depth due to material removal at that pixel can be expressed as

   
H

x y
f x y Y E t x yij x y i j x yi j

=
Φ ( )∫∫

( , )
( , ) , ., ,h

a0 x ,y d d
 

(2.4)
     

 where  H  
 ij 
  is the sputtering depth at the point ( x  

 i 
 ,  y  

 j 
 ), F( x ,  y ) is the ion flux at point 

( x ,  y ) (cm −2  s −2 ),  h  is the atomic density of the target material (atoms cm −3 ), Y(E
0
, 

a
xi,yj

) is the sputtered yield (atoms per incident ion at point ( x  
 i  
,  y  

 j 
 )),  t  

 x   , y 
  is the dwell 

time of the ion beam at point ( x
   i 
 ,  y  

 j 
 ) (s) and  f  

 x,y 
  ( x  

i
 ,  y  

j
 ) is the ion beam density distri-

bution function in two dimensions. 
 The sputtered yield in (2.4) is a function of the incident angle a

xi,yj
 of the ion beam 

at point ( x  
 i  
,  y

   j 
 ) and the ion energy  E  

0
  as well as the type of ion source and target 

material. Generally, the yield increases from perpendicular ion beam incidence to a 
maximum at angle 60°–85°, and then rapidly decreases due to the strong reflection at 
grazing incidence. A classical empirical formula for the angular dependence of the 
sputtered yield is given by (2.5) which was originally proposed by Yamamura  [16] :
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(2.5)

   

 where  Y ( E  
0
 , a ) is the sputtering yield at ion energy  E  

0
  and nominal angle of inci-

dence  a . The quantities  f  and  a  
opt

  are parameters to fit the experimental data. In 
addition,  a  

opt
  is the nominal incidence angle at maximum sputtering yield. 
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 The ion beam geometry in terms of density distribution  f  
 x,y 

 ( x
   i 
 ,  y  

 j 
 ) is also taken into 

account in the model (2.4). If Gaussian bivariate density function is assumed, then

   
f x yx y i j

r
,

/( , ) =
⎛
⎝⎜

⎞
⎠⎟

−1

2

2

22 2

ps
se

 
(2.6)   

 where r2 = (x
i
 − x)2 + (y

j
 − y)2 defines the radial coordinate for an ion beam focused 

at ( x ,  y ). 
 Figure  2.3  shows an example of a FIB simulation predicting the dwell times and 

milling shape using the model defined above. The model is used to calculate the 
dwell times over each of the pixel cells, so that with given ion beam parameters a 
cavity with prior defined parabolic shape is sputtered. The parabolic predefined 
shape has a maximum depth of 2 µm. In this analysis, the ion beams are assumed 
to have normal distribution with standard deviation  s  = 0.075 um,  F ( x ,  y ) = 1 × 10 19  
ions s −1  cm −2 ,  h  = 5 × 10 22  atoms cm −3 , pixel grid is 20 × 20 over target area 3 × 3 
µm. The target surface is silicon and the sputtering yield is calculated using (2.5) 
and assuming 20-keV Ga ions.  

 The above model for FIB sputtering can be enhanced by considering re-deposition. 
The mathematical model given in (2.7) assumes that the amount of the sputtered 
atoms or ions from a source pixel cell ( i ,  j ) which is re-deposited onto another target 
pixel cell ( k ,  l ) is dependent on the relative locations between the two cells and their 
orientations  [17  ]. The re-deposited volume of material  R  

 
ij

 
  as a function of the sput-

tered volume  S  
 ij 
  can be calculated as

   
R

F F

F
S F x

r
x xij ij=

−
°

= − +
( ) ( )

( )
, ( ) [cos ( ) cos( ) ].

b g p
180 3

3 2
3

3where
 

(2.7)
   

 In (2.7),  b  and  g  are the minimum and maximum angles that are measured from the 
centre of the source cell ( i ,  j ) to any possible locations within the target unit cell ( k ,  l ), 

  Fig. 2.3    Modelling of FIB milling of a parabolic feature – milling times along the cross-sectional 
pixels ( left ) and contour depth levels (µm)       
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respectively. For a cell ( k ,  l ), the re-repositioned volume can be found as the sum-
mation of contribution from all other source cells ( i ,  j ). This model assumes that the 
total displacement after re-deposition is normal to the surface of the unit cell. 

 Some recent efforts in the modelling of the FIB process have focused on simu-
lating the non-linear dynamics of ripple formation as a result of the ion beam sput-
tering process  [18] . Modelling and understanding the ripple formation phenomenon 
is gaining interest as a result of the potential to use it in various nano-technology 
applications.  

  2.3.2 Modelling of Nano-Imprint Lithography Process 

 Among the most attractive and promising nano-fabrication processes is the nano-
imprint lithography (NIL). This method offers low cost and high yield nano-scale 
pattering using various materials at dimensions as small as 6 nm  [19] . 

 Thermal NIL is one of the most typical methods for NIL. The thermal imprint 
process is based on the utilisation of thermo-plastic polymers and comprises several 
steps as outlined schematically in Fig.  2.4 . A polymer and a nano-fabricated master 
tool (mould) are pre-heated above the polymer glass transition temperature ( T  

g
 ) and 

then the fine mould, patterned according to the required specification, is pressed 
into the polymer forming a negative relief of the master. While the mould is pressed 
and held down, the polymer is cooled down below the  T  

g
  and hardens thus retaining 

the profile of the mould pattern. Finally, the imprinting pressure is removed and the 
mould is released.  

 Typical issues associated with NIL are related to the mechanical stresses and the 
large deformations of the polymer films and the residual thickness after imprinting. 
Numerical simulations of the cross-sectional profiles as a function of process 
parameters – such as the imprinting pressure, polymer initial thickness and the nano-
cavity size/aspect ratio – can provide valuable knowledge on the imprint process. There 
are two main modelling approaches that can be utilised to model the NIL process. 

 The first method involves modelling of the mechanical deformation process 
using hyperelastic large strain finite element analysis  [20] . For this type analysis, 

  Fig. 2.4    Typical steps in thermal nano-imprint lithography       
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the polymer is modelled as a rubber elastic body above its  T  
g
  with large strain and 

assumed to be a non-compressive material. A suitable model to represent this 
behaviour is the Mooney–Rivlin model  [21 ,  22] . According to this model, the stress 
is expressed as

   
s l

li i
i

W
=

∂
∂

,
 

(2.8)
   

 where  l  
 i 
  is the expansion strain rate (deviatoric strain) and  W  is a strain energy 

density function defined as
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 In (2.9),  C  
10

  and  C  
01

  are the Mooney material constants characterising the deviatoric 
deformation of the material. 

 The Mooney–Rivlin model for rubber elastic non-linear stress–strain behaviour 
is incorporated in commercially available software such as ANSYS and MARC. 
The other critical feature of this type analysis is the simulation of large deforma-
tions in materials under contact boundary conditions which is required to represent 
the interaction between the mould and the polymer. This analysis is based on some 
assumptions such as that no air bubbling, trapping or absorption into the polymer 
occurs. This does not impose any major setback because the imprint pressure is 
very high compared with the air ambient pressure; hence, no major impact on poly-
mer deformation at the macro-level will take place. 

 The above modelling approach can be applied to study in detail the imprint process 
sequence. As an example, Hirai’s group  [23]  uses this approach to undertake defect 
analysis in thermal NIL and to study the dynamics of the deformation process. As 
part of their work, the authors have found very good agreement between simulation 
results and the experiments. The numerical analyses have identified correctly a stress 
concentration site near the polymer corner due to the applied pressure below  T  

g
 , 

which subsequently led to the defect of polymer fracture during the mould release 
step. The simulation results for the cross-sectional profiles from the analysis of the 
resist deformation process  [24]  have been shown to agree quantitatively very well 
with the experimental results for various geometric and pressure conditions. 

 The second modelling approach is based on modelling the flow of the polymer using 
CFD analysis. The key features of this type of simulation include modelling the polymer 
as a non-Newtonian fluid with free (moving) boundary. In such two-phase large free 
boundary deformation flow analysis, phenomena such as the polymer capillary surface 
with surface tension boundary condition are explicitly considered. These continuum 
simulations can capture the underlying physics of the nano-imprint process from 10-nm 
to 1-mm scale and are capable of predicting accurately the polymer deformation mode 
and surface dynamics. A non-dimensionalised calculation procedure that follows this 
modelling strategy is presented in the work by Rowland and co-authors  [25] .  
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  2.3.3 Modelling of Electroforming Processes 

 Attempts to numerically model the electro-deposition process are challenging as 
they must solve a system of coupled non-linear equations with the added complica-
tion that the governing equation set changes under different physical situations; for 
example as the deposition current varies from primary to secondary, tertiary or 
diffusion-limited regimes  [26] . Additionally, the representation of electrode kinet-
ics, the driving force for deposition, is of key importance and is complicated by its 
influence from the electrode surface over-potential and the concentration of react-
ing ions in the immediate vicinity of the depositing interface. Figure  2.5  illustrates 
the process taking place for trench or via filling.  

 The governing equations may therefore include all or a combination of the 
momentum, heat, concentration and electric potential equations with various 
degrees of inter-coupling by electro-migration, convection and importantly through 
the reaction rate boundary condition at the electrode surface. Standard continuum 
equations for momentum, electric field and ion concentration are solved except at 
the thin layers adjacent to the electrode boundaries, the electrical double layer 
which is of the order of <~100 nm in width. In these thin layers, the deposition 
current is accounted for by an electrode kinetic function, typically the Butler–
Volmer equation  [27] . Figure  2.6  illustrates the evolution of a deposition layer using 
a coupled simulation approach, a free surface tracking algorithm  [28] .    

  2.4 Modelling Applied to Assembly Processes  

 Modelling of typical assembly or packaging process is discussed in this section. 
The processes discussed are solder pasting and its reflow, and microwave heating 
to cure polymer materials as used in electronic packaging. 

  Fig. 2.5    Evolving deposition layer on a conductive surface       
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  2.4.1 Solder Paste Printing 

 The stencil printing process is used to deposit solder paste at precise locations on 
the PCB pads to prepare for the placement and bonding of electronic components. 
In this process, a squeegee blade moves the solder paste over the surface of a sten-
cil with a particular pattern of apertures. As a result of the high pressure in the 
solder paste, induced by the squeegee blade, the solder paste is forced to fill the 
stencil apertures. 

 The overall solder paste composition exhibits non-Newtonian rheological prop-
erties with shear-thinning behaviour, i.e. the viscosity decreases with increasing 
shear rate. This behaviour is what enables the paste to flow into the apertures with 
a low viscosity when the shear rate is high due to the action of the moving squeegee 
blade. After the removal of the stencil, the viscosity increases again in the absence 
of shearing, a phenomenon which helps the paste to remain in place. 

 CFD can predict the movement of solder paste across a stencil surface. For 
example, simulation of the paste motion of a solder material with nano-particles 
and characterised bulk behaviour can be undertaken using the classical Navier–
Stokes equations with the following viscosity model for solder paste  [29] :

   

h h
h h l

−
−

=
+

∞

∞0

1

1 K m
,
 

(2.10)
     

  Fig. 2.6    Prediction deposition front filling a via       
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 where  h  is the apparent viscosity,  h  
0
  and    

  
  are the viscosity at zero and infinite 

shear rate, respectively,  l  is the strain rate and  K  and  m  are experimentally obtained 
constants. Figure  2.7  shows the schematic of the printing process and associated 
CFD predictions for solder flow using a classical continuum approach.  

 Traditional CFD simulations based on the continuum simulation approach assume 
homogeneous fluid and may not provide realistic answers about the transport of the 
individual solder nano-particles. To understand the flow of the solder paste into the 
stencil apertures, coupled continuum-particle computational methods are required. 

 Among the most attractive discrete particle-based fluid dynamic computational 
techniques are Stokesian dynamics  [30]  and mesoscopic approaches such as lattice 
Boltzmann methods (LBM)  [31]  or dissipative particle dynamics (DPD)  [32] . 

 Stokesian dynamics is a method in which only forces between the particles of 
the solid phase are considered and the detailed flow of the suspending fluid is not 
simulated. The inter-particle forces are based on lubrication theory, where the drag 
on a particle is dependent on the position and velocity relative to that of its neigh-
bouring particles or solid walls as well as the average local velocity of the suspend-
ing fluid  [30] . Some major drawbacks of this method include the lack of detail for 
the flow of the suspending fluid and difficulties with mass conservation. Stokesian 
dynamics is also considered to be inefficient for suspension flows in comparison to 
mesoscopic methods. 

 Mesoscopic approaches are similar to molecular dynamics but replace the fluid 
molecules with much larger fictitious particles that can be considered to represent 
accumulations of the real underlying molecules. Computer memory requirements 
are therefore smaller and collision timescales are closer to that of the evolution of 
the macroscopic flow. The properties of these fictitious particles are set, so that they 
mimic the flow behaviour of the underlying real fluid at the macroscopic scale. 
These methods are therefore referred to as mesoscopic since they lie somewhere 
between microscopic atomistic and macroscopic continuum approaches. DPD meth-
ods are based on attractions and repulsions which are dependent on the relative 
positions and velocities of the particles relative to each other. 

 Hybrid models for coupled nano-scale dynamics with macroscopic continuum flow 
behaviour try to benefit from a multi-scale approach for simulating solder paste printing 

  Fig. 2.7    Modelling predictions for the flow of solder material in the stencil printing       
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processes  [33] . Figure  2.8  (left) shows simulation results for solder paste printing using 
a hybrid analysis approach. The velocity field of the DPD region is represented by 
filled contours. The continuum and particle regions overlap by a narrow band A–D 
(Fig.  2.8 , right) with two defined sub-regions A–B and C–D. Strip A–B of the particle 
domain coincides with the boundary of the continuum region. Similarly, strip C–D of 
the continuum domain coincides with the boundary of the particle simulation. Mass 
and momentum flux densities are measured and coarse-grained in band A–B of the 
particle field and imposed at the boundary of the continuum field.   

  2.4.2 Molecular Dynamics Calculation of Solder Reflow Process 

 In the lead-free soldering technology area, Dong et al.  [34]  used the modified embed-
ded atom method and the molecular dynamics method to study the collapsing and 
merging behaviour of tin and silver particles. One of the aims of this work was to find 
out if the mechanical mixture of tin and silver nano-particles can replace the Sn–Ag 
alloy for low reflow temperature applications. The modelled particles were all 4 nm 
in diameter and contain 1,257 and 1,895 atoms, respectively. The total simulated time 
was 3 ns. It turned out that the silver sphere kept its crystalline structure and no sig-
nificant diffusion between tin and silver was observed within the simulation time.  

  2.4.3  Microwave Heating in Microelectronics 
and Nano-Packaging Applications 

 Microwave energy fundamentally accelerates the cure kinetics of polymer materials 
 [35] , providing a route to focus heat into the polymer materials, minimising the 
temperature increase and associated thermal stresses in the surrounding materials. 

  Fig. 2.8    Flow field results of coupled DPD-continuum 2D simulation       
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 A number of systems using microwave energy to cure microelectronic components 
are in use today. The novel ‘FAMOBS’ (  http://www.famobs.org    ) system proposed 
by Sinclair et al.  [36]  uses a open-ended oven mounted on a pick-and-place machine 
which is capable of heating/curing a single component at a time, thus reducing/
eliminating the issues related to generation of unnecessary thermal stresses. 

 To accurately model the process of microwave polymer curing, a holistic 
approach must be taken. The process cannot be considered to be a sequence of dis-
crete steps, but must be considered as a complex-coupled system combining elec-
tromagnetic and thermo-physical behaviour of the whole system because each of 
these processes fundamentally influences the other, as illustrated in Fig.  2.9 .  

 A significant problem in the analysis of microwave heating is the disparity in 
timescales between the electromagnetic and thermo-physical problems. Microwave 
sources operate in the range 1–30 GHz. Therefore, substantial variation in the elec-
tric field distribution is apparent in sub-picosecond timescales. Significant variation 
in the thermo-physical properties is only apparent in timescales of seconds (one 
trillion times the duration). A method for linking pico-scale to macro-scale analyses 
is critical to solution of the problem. 

 A number of methods have been employed to determine a suitable steady state 
electric field distribution. These methods generally rely on the electric fields reach-
ing a time-harmonic state in which the field magnitude varies rapidly but the distri-
bution of the modal structure remains invariant. If a time-harmonic state is reached 
(or assumed to have been reached), the field magnitude can be assessed through 
using a time-averaged or root-mean-square value or through use of a (normally 
discrete) Fourier transform. The transformed electric field is used to determine the 
power absorbed by the dielectric load, and the differences between successive values 
of absorbed power at successive Fourier transfer analyses are used to determine if 
a converged time-harmonic solution has been obtained.   

  2.5 Modelling Applied to Reliability Predictions  

 Modelling applications for final reliability prediction of an electronic package are 
discussed below. The impact of how nano-technology may influence reliability and 
how this can be modelled is discussed for both underfills and anisotropic conductive 
films. The impact of very small joints and current crowding effects is also outlined. 

  Fig. 2.9    Process coupling in microwave heating of polymers       
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  2.5.1 The Effects of Underfills on Solder Joint Reliability 

 Underfills are widely used in the packaging industry to offset the damaging effects 
of CTE mismatch on interconnections such as solder joints between a chip and the 
substrate in a flip-chip assembly. The effectiveness of an underfill in reducing the 
impact of CTE mismatch mainly depends on its thermal–mechanical properties 
such as the Young’s modulus and the CTE. Other important properties of an under-
fill include the heat conductivity, moisture absorption, the viscosity, etc. All these 
properties may be modified by adding filler particles such as silica into the polymer 
matrix. The underfill properties can be modified by changing the filler particle 
properties  [37]  or by changing the filler content. 

 The filler content is an important issue especially for no-flow underfills because, 
on the one hand, it is desirable to have high filler content to achieve low CTE, but, on 
the other hand, high filler content degrades the flow properties of the underfill making 
the process prone to defects formation in the underfill and at the solder-pad interface 
 [38] . Figure  2.10  shows one defect developed during a no-flow underfill process.  

 Because of the low filler content, no-flow underfills have higher CTE than tra-
ditional capillary underfills. To investigate the effect of this on the lifetime of flip-
chip solder joint, Lu et al.  [38]  modelled the lifetime of a flip chip’s fatigue lifetime 
under cyclic thermal–mechanical loading for range of underfill properties. Figure 
 2.11  shows the 3D FEA model used in the modelling and Fig.  2.12  shows the pre-
dicted lifetimes. The results show that flip chips using no-flow underfills have 
significantly lower lifetimes than traditional underfills. To achieve the highest 
reliability, the CTE of the underfill needs to be brought down to about 20 ppm/°C.  

 The solution to this problem may be the use of nano-sized filler particles 
 [39 ,  40]  because this technology may increase the filler content without compro-
mising the solder joint quality. Lall et al.  [41]  have developed a method based on 
representative volume element (RVE) and modified random spatial adsorption to 
predict the temperature-dependent underfill properties (see Chap. 14). Their results 

  Fig. 2.10    Solder joint cross sections: ( a ) underfill trapping between solder bump and pad, ( b ) 
good bonding between solder bump and pad       
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show that when the volume fraction of the filler content is higher than 30%, the 
CTE is lower than 40 ppm/°C which is close to the capillary underfill’s value.  

  2.5.2 Modelling of Anisotropic Conductive Films 

 Anisotropic conductive films (ACFs), with many distinct advantages such as 
extreme fine-pitch capability, being lead free and environmental friendly, are being 
widely used in the fine-pitch flip-chip technologies  [42] . A typical ACF flip chip is 

  Fig. 2.11    Flip-chip computer model that has been used in the study of the effects of the no-flow 
underfill material       

Fig. 2.12 Predicted lifetime of the flip-chip solder joint: (a) the traditional underfill, (b) no-flow 
underfill
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shown in Fig.  2.13 . The conductive particle is nickel–gold coated polymer ball with 
a diameter of 3.5 µm. To improve the electrical performance of ACF assembly, 
nano-scale conductive fillers are being considered for the next generation of high 
performance fine-pitch packaging applications  [43] .  

 Computer modelling analysis, in particular the finite element analysis, is being 
used as a powerful tool to predict the behaviour and responses of ACA particles 
during bonding process and reliability testing. However, previous modelling work 
 [44 ,  45]  has been mostly limited to the analysis of simplified two-dimensional 
models. Three-dimensional models have focused on the micro-domain and ignored 
the global effects at the package level, or they have modelled the whole package 
and used gross assumptions at the micro-interconnect level  [46 – 48] . The recog-
nised difficulty here is due to the vast range of length scales in an ACF flip-chip 
assembly, and the large number of conductive particles. 

 The diameter of the conductive particles in the ACF material is several micrometers 
and the thickness of the particle metallization is on the nano-scale, at about 50 nm. 
If the die is 11 mm in its length, the ratio of the two is approximately 1:200,000. In 
addition, there are thousands of conducting particles in a typical ACF material used 
to bond a flip-chip component to a substrate. This means that an ‘exact’ model 
which includes all the particles and interconnections would require millions if not 
billions of mesh elements to be used in a finite element model. This is simply not 
achievable with today’s computer technology. 

 Therefore, a 3D macro–micro modelling technique is required to provide the 
ability to accurately model the behaviour of the conductive particles during the reli-
ability test. Two models, one macro and one micro, with very different mesh densi-
ties were built (see Fig.  2.14 ). The macro-model is used to predict the overall 
behaviour of the whole assembly during reliability testing. The displacements 
obtained from this macro-model are then used as the boundary conditions for the 
micro-model, so that the detailed stress analysis in the region of interest could be 
carried out. This macro–micro modelling technique enables more detailed 3D mod-
elling analysis of an ACF flip chip than previously.  

  Fig. 2.13    ACF flip chip and structure of a conductive particle       
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 Using this modelling technique, the moisture diffusion and induced stresses inside 
an ACF flip chip when subjected to autoclave test environment were predicted  [49 ,  50] . 
Modelling results were consistent with the findings in the experimental work.  

  2.5.3  Electro-Migration and Thermo-Migration Related 
Damages in Nano-Packaging 

 Electro-migration in the on-chip interconnection/metallization of Al or Cu has been 
the subject of intense study over the last 40 years  [51 ,  52] . Recently, because of the 
increasing trend of miniaturization, high current density-induced damages are 
becoming a growing concern for off-chip interconnection where low melting point 
solder joints are commonly used. Electro-migration is atom transfer due to a high 
current density. 

 Unlike Al and Cu metallization, Joule heating from the interconnect line can 
severely affect the damage characteristics of solder joints. Moreover, current crowd-
ing at the contact interface between the solder ball and the metal pad/under bump 
metallization (UBM) increases the local current density and local resistance of the 
solder alloy that further increases Joule heating and yields a localised hot spot  [53] . 
In that case, atoms migrate from the hot spot to the remaining cooler region and this 
is known as thermo-migration. 

 Thermo-migration may assist electro-migration if the hot side coincides with the 
cathode side  [53 – 55] . 

 In summary, there are seven major phenomena associated with electro- and 
thermo-migration  [56] . They are (1) electro-migration (mass transfer due to electron 
bombardment), (2) thermo-migration (mass transfer due to thermal gradient), (3) 
enhanced intermetallic compound (IMC) growth, (4) enhanced UBM dissolution, 
(5) enhanced current crowding, (6) high Joule heating and (7) solder melting. 

 Multi-physics models are required to predict the combined effect of electro-
migration, thermo-migration, current crowding, Joule heating, thermal stress, and 

  Fig. 2.14    Mesh details of the macro- and micro-models of an ACF assembly       
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local melting phenomena. These need to capture IMC growth and UBM dissolution 
for solder interfaces under high current density. 

 Current crowding is always found to play a vital role in such a sensitive package 
level interconnect, in particular such as flip-chip solder joint. High growth/dissolu-
tion of IMC/UBM at the current crowding area will be encountered. This is because 
of typical flip-chip solder joint design where a spherical solder is connected with 
the thin film metallization (see Fig.  2.15 ). With the shrinking trends of intercon-
nects in nano-packages, this current crowding effect increases exponentially.   

  2.5.4 Carbon Nanotubes for Thermal Management 

 Carbon nanotubes are potentially very important packaging materials because of 
their unique thermal and mechanical properties. They have been studied extensively 
using molecular dynamics ever since their discovery was popularised by Sumio 
Iijima in 1991  [57] . Recently, carbon nanotubes as electronic packaging materials 
have also attracted a lot of interest. For example, Fan et al.  [58]  studied the thermal 
conduction of single-walled carbon nanotubes (SWCNTs), and the interfacial 

  Fig. 2.15    Typical example of current crowding in the flip-chip solder joint: ( a ) flip-chip solder 
joint and current crowding region; ( b ) current density distribution in a slice through the line AB 
shown in ( a ), considering 1-A current passing through the joint. Current density at the current 
crowding area is ten times higher than that of the other area for the same slice       
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 thermal resistance between carbon nanotubes and the copper substrate was investi-
gated. It was found that functional groups between the nanotubes and the copper sub-
strate enhanced the interfacial heat transfer but degraded the heat conductivity in the 
carbon nanotube because of phonon scattering at the interface. Wu et al.  [59]  used the 
ACM to study the mechanical properties of CNTs. The predicted Young’s modulus is 
consistent with ab initio, molecular dynamics and experimental results. 

 Nano-indentation is a powerful experimental technique that can be used to 
understand material responses and it is another interesting area where MD finds its 
use (see, e.g. a review paper by Szlufarska  [60] ). The technique is based on the 
measurement of forces acting on an indenter as it moves towards a contact surface 
(see Schuh’s review paper  [61] ). In electronic packaging research, nano-indentation 
has been used frequently in materials characterisations. For example, in a recent 
work, Gao et al.  [62]  studied the mechanical properties of Sn–Ag lead-free solder 
and confirmed that the properties are dependent on solder joint size.   

  2.6 Conclusions  

 Modelling technology is now used extensively in industry and research institutions 
as a key tool to help produce reliable products and reduce cost and lead times from 
conceptual design to product introduction to the market. 

 The move towards nano-packaging poses a number of challenges for modelling 
tools. The multi-physics/scale challenge is being addressed by a number of soft-
ware vendors although much needs to be done to validate these tools. The addition 
of uncertainty analysis within a physics-based modelling environment is very 
important as the scales of nano-packaging are not deterministic and risk-based 
approach is required to fully understand how input design variables will impact 
packaging assembly and reliability. Integrating modelling results within a whole 
life-cycle analysis approach are also very important and will be a major requirement 
for modelling tools in the future.      
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   Chapter 3   
 Application of Molecular Dynamics Simulation 
in Electronic Packaging       

     Haibo   Fan(*ü )  and       Matthew M.F.   Yuen       

  3.1 Introduction  

 With the increasing need for high input/output (I/O) counts and miniaturization, 
novel electronic packages are continuously being developed. Chip scale packages 
are beginning to replace older leadframe technology because of low cost, size, and 
performance advantages. Wafer-level packaging technology is becoming popular 
due to low cost and higher electronic performance. At same time, more and more 
functional materials at the nanoscale are used in electronic packaging for the 
improvement of the adhesion and thermal conductivity, such as carbon nanotube 
(CNT), thermal interface material (TIM), and self-assembly monolayer (SAM). To 
obtain good performance of these materials and guide the experimental research, it 
is important for us to find methods to understand material behavior at a fundamen-
tal level. Obviously, a traditional method like finite element analysis widely used in 
electronic packages is not suitable for modeling the behavior of these materials at 
a nanoscale level. Molecular dynamics (MD) simulation is now one of the fastest 
growing research areas and can reproduce material behavior at atomic level. 
Therefore, investigation of material behavior using MD simulation in electronic 
packaging is both necessary and attractive.  

  3.2 Molecular Dynamics Simulation  

 Molecular modeling is the science of representing molecular structures numerically 
and simulating their behavior with the equations of quantum and classical physics 
and it is one of the fastest growing fields in science. The MD simulation was first 
introduced by Alder and Wainwright  [1 ,  2]  to study the interactions of hard spheres 
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in the late 1950s. The method is now a well-established and important tool that 
endeavors to simulate the material measurement on an atomistic scale to understand 
the basic origins of material performance  [3 – 8]  in a wide variety of topics including 
modulus, adhesion, thermal conductivity, solubility, diffusion, and reactivity. 

 The basic theories of MD simulation can be found in many handbooks  [9 – 11] . 
A brief introduction on the MD simulation is given here. In the classical MD 
method, the equations of motion for atoms are described by Newton’s equations as 
follows: 

 F m
d r

dt
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  are, respectively, the force, mass, and position vector of 

molecule  i  and  F  is the potential energy function of the system. 
 Normally, atoms in MD simulations are modeled as point masses interacting 

through potentials. The accuracy of the MD simulation is directly related to these 
potentials, which are usually characterized experimentally. The potential energy of 
the system provides the forces on each atom, which can be used to determine the 
acceleration, velocity, and positions of each atom. Two kinds of methods, quantum 
mechanics (QM) and molecular mechanics (MM), are used in MD simulations. The 
QM method solves the Schrodinger equation from first principles, which accounts 
for the positions of nuclei and electrons and provides structural, electronic, and 
dynamic properties of the system in high accuracy. It can also describe the process 
of a chemical reaction involving bond forming, bond breaking, charge transfer, etc. 
However, due to long calculation times and costly calculations in QM, the QM 
method is only suitable for simulating small systems consisting of up to several 
hundreds of atoms. Electronic effects are averaged out in the MM method, so it 
cannot describe the evolution of electrons in a chemical reaction. However, it can 
be used to describe the performance of large and complex organic, inorganic, and 
solid state systems due to its inexpensive and fast calculation. Compared with QM, 
MM is more applicable for the investigation of material performance in the multi-
interface systems commonly found in electronic packages. 

 The total potential in MM is represented by the superposition of valence and 
nonbond interactions. The valence terms consist of bond stretch, bond angle bending, 
and dihedral angle torsion terms, while nonbond interactions consist of Van der 
Waals and electrostatic terms. Most of the force fields have the characteristic that 
the energy is a function only of the atomic positions with some constants. For exam-
ple, a simple generic force field  [12]  is given here:

 bond angle torsion elec vdw .V V V V V V= + + + +    (3.2)     

 The valence terms are given as follows: 

 2 2
bond b 0 angle a 0 torsion t( ) , ( ) , (1 cos(3 )),ij ijk ijklE k r r E k E k= − = θ − θ = + ϕ    (3.3)    

where  E  
bond

  and  E  
angle

  are the energy due to bond stretching or compression and 
angle bending and  E  

torsion
  is the energy due to torsion alternations. 
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 Nonbond terms include the electrostatic and Van der Waals forces:

 

12 6

0 0
elec vdw, ,

4
i j

0 ij ij ij

q q R R
E E

r r r
a b

pe
⎛ ⎞ ⎛ ⎞

= = −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

   (3.4)    

where  E  
elec

  and  E  
vdw

 , respectively, are energy terms due to electrostatic and Van der 
Waals interactions. 

 We just showed a simple potential with several parameters. Commonly used 
force fields in MD simulation include AMBER, CHARMM, CVFF/PCFF, and 
COMPASS, which have been widely used for description of organic, inorganic, 
and biomaterial system. Parameters in these potentials are derived from experi-
mental data or ab initio and semiempirical quantum mechanical theory. Considering 
the structural constraints, the forces on the atoms can be calculated from the potentials. 
Accelerations of atoms can be derived based on Newton’s second law and the 
corresponding velocities and new positions of the atoms will be obtained. Based 
on statistical mechanics, macroscopic properties of a thermal equilibrium system 
can be obtained from motion of atoms and molecules of the system. 

 The Monte Carlo (MC) method is another simulation method used in the evalu-
ation of potential energy. It only considers configuration space without the momentum 
part of the phase space. The method is suitable to model low or medium density 
systems but not for high density systems. Compared with MD simulation, the MC 
method cannot be used to simulate dynamic processes of the system. 

 MD is a very useful tool to provide a wealth of detailed information on the structure 
and dynamics of systems in electronic packaging. It can be used to predict material 
performance of new material in synthesis, such as Young’s modulus, thermal expansion 
coefficients, glass transition temperature, interfacial adhesion, thermal conductivity, etc. 
Issues involved in packaging design, such as crack generation, moisture-induced 
failure, and interfacial adhesion, can also be studied by MD simulation. Although the 
MD simulation method has been widely used in the fields of physics, chemistry, and 
biology for material properties, and now in the field of engineering, few research 
efforts have been dedicated to the investigation on the performance of materials in 
electronic packaging until recently  [13 – 33] . Iwamoto  [13 – 22]  has applied MD simula-
tion to the investigation of property trend analysis, surface energy modulus, and the 
adhesive formulation effect in the microelectronics packaging industry. We have focused 
our research on the investigation of reliability, moisture diffusion, epoxy resin properties, 
and thermal conductivity in electronic packaging  [23 – 33] .  

  3.3  MD Simulation of the Thermal Cycling Test 
in Electronic Packaging  

 Thermal cycling test is one of the key qualification tests to be conducted for the 
reliability testing of electronic packages. The high interfacial stresses resulted from 
the mismatch in coefficient of thermal expansion between the different layers will 
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threaten the package under environmental thermal loading conditions. Thermal 
cycling test is one of the standard accelerated test methods to investigate reliability 
of electronic packages. To predict material behavior during the thermal cycling, 
finite element analysis has been widely applied to model electronic packages sub-
jected to a thermal cycling load  [34 ,  35] . The failure mechanism occurring in elec-
tronic packages during reliability tests can be investigated by the finite element 
analysis; however, some phenomena in the tests are still unknown. Moreover, as 
interfacial material properties being quite different from the bulk materials, it is 
necessary to investigate the material behavior at an atomic level. 

 Molecular modeling techniques were successfully applied to investigate the 
fundamentals of the interfacial adhesion between a cured epoxy and other substrates 
and revealed the molecular mechanisms of the adhesion formulation and failure 
 [6 – 8] . MD simulations of the adhesive formulation effect in the microelectronics 
packaging industry were conducted by Iwamoto  [13 ,  14] , and she also presented 
some significant and interesting research results in electronic packaging applica-
tions  [15 ,  16] . However, little attention was paid to investigations of the material 
behavior under thermal cycling conditions, especially the behavior of the EMC–Cu 
system widely used in electronic packaging. 

 Iwamoto  [15]  developed a MD simulation procedure to predict material per-
formance. Both stress cycling and process analyses were studied to give the proba-
ble behavior trend of materials for the understanding of the failure mechanisms. 
The same method was used for the investigation of the adhesion between the epoxy 
molding compound (EMC) and cuprous oxide substrate during the thermal cycling 
test using MD simulation by Fan et al.  [23] . The detail was presented as follows. 

 The Material Studio software for Accelrys was used to conduct the thermal 
cycling test MD simulations. The condensed-phase optimized molecular potential 
for atomistic simulation studies (COMPASS) force field was used in the MD simu-
lations. COMPASS force field enables accurate prediction of material properties for 
a broad range of materials under different conditions. The COMPASS force field 
can accurately be applied on the systems of polymers, metals, and their interfaces. 

 Typically, the core chemical structure of the EMC, governing the adhesion 
properties of the EMC material, was formed by the reaction of epoxy resin with 
curing agents. EMC modeled in this study consists of epoxy resin and curing 
agent. The model did not include filler and pigments, which need large-scale 
models that are beyond the current MD simulation scope. In this study, diglycidyl 
ether of bisphenol-A (DGEBA) epoxy resin and methylene diamine dianilene 
(MDA) curing agent were used as the basic components of the EMC formulation. 
Figure  3.1  shows the process of the curing reaction of DGEBA epoxy resin and 
MDA curing agent.  

 It has been observed that oxidation occurred on the metal surface at the EMC/Cu 
interface during the molding process, which has a strong influence on the interfacial 
adhesion. Cho et al.  [36]  found that the chemical content of the copper oxide on a 
copper surface changed from metal copper to cuprous oxide. Chung et al.  [37]  con-
ducted a thermal cycling test and found that there was only cuprous oxide for all 
the sheared samples and the content of cuprous oxide varied with thermal cycles. 
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 Therefore, only the cuprous oxide was considered in the MD simulations. To 
investigate the effect of the content of the cuprous oxide on the copper substrate on 
the interfacial adhesion between the EMC and copper substrate, two MD models 
were built for the thermal cycling test by Fan et al.  [23] . One is the MD model with 
the amount of the cuprous oxide atoms varying with the thermal cycles as that in 
the experiment conducted by Chung et al.  [37] . The other is the MD model with a 
constant content of the cuprous oxide throughout the thermal cycling test. Figure 
 3.2  showed the MD model built with a rectangular simulation cell 17.9 × 17.9 Å 2  
in the  x  and  y  directions, periodic in the plane perpendicular to the EMC/cuprous 
oxide interface. The bimaterial system composed of a fragment of EMC and 
cuprous oxide atoms was used in the molecular dynamics simulations. There is a 
large vacuum at the top of the epoxy chains in the simulation cell to avoid interaction 

  Fig. 3.1    Process of the curing agent and epoxy resin reaction       

  Fig. 3.2    Molecular model of the EMC–cuprous oxide system       
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across the mirror image in the  z  direction. In the model, the height of the cell is 100 
Å and the cuprous oxide thickness is 20 Å. All the atoms of cuprous oxide were 
fixed, while all the EMC chains could move freely.  

 According to experimental conditions presented by Chung et al.  [37] , the MD 
simulations were conducted at 175°C with a pressure of 4.3 MPa, using the ensemble 
of the constant number of particles, pressure, and temperature (NPT). The whole 
structure was then cooled to room temperature using the ensemble of the constant 
number of particles, volume, and temperature (NVT). 

 The thermal cycling test was conducted by Chung et al.  [37]  with the standard 
JEDEC temperature profile (JESD22-A104-B Condition M). In this study, the 
coefficient of thermal expansion (CTE) of the EMC and Cu 

2
 O is 45 and 8 ppm, 

respectively. The EMC and cuprous oxide CTE mismatch is used to help define the 
resulting deformation in the respective heating and cooling step within a thermal 
cycle. The thermal cycling process in MD simulations was accomplished using a 
different strain target during each simulation step. Different strains were applied to 
the MD model, making the EMC material pushed toward and pulled away from the 
cuprous oxide substrate in the heating and the cooling step, respectively. The whole 
system was relaxed at the cooling temperature and the heating temperature. 
The above cooling and heating procedure was repeated using different strains to repro-
duce the whole thermal cycling test. 

 The molecular structures of the system after different thermal cycles were shown 
in Fig.  3.3 . It was found that a large void formed at the interface during the thermal 
cycling test. This resulted from the interfacial stresses due to CTE mismatch of the 
EMC and cuprous oxide during the thermal cycling test. Therefore, after 1,800 
thermal cycles, a reduction in the adhesion strength between the EMC and cuprous 
oxide substrate was observed.  

 The interaction between the EMC and the cuprous oxide substrate is governed 
by the electrostatic and Van der Waals forces. The interfacial bonding energy  g  is 

  Fig. 3.3    MD simulation snapshots of the system after different cycles       
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evaluated from the energy difference between the total energy of the whole system 
and the sum of the energy of the individual subsystems as follow  [23] : 

 ( )
2total EMC Cu O/ 2 , ,E A E E E Eγ = ∆ ∆ = − +    (3.5)    

where  A  is the contact area between the EMC and cuprous oxide substrate,  E  
total

  is 
the total energy of the whole system,  E  

EMC
  is the energy of the EMC without the 

cuprous oxide substrate, and   
2Cu OE    is the energy of the cuprous oxide substrate 

without the EMC. 
 The interfacial bonding energies between the EMC and cuprous oxide substrate 

for the both MD models were calculated and plotted against the thermal cycles, as 
shown in Fig.  3.4 . For the first MD model, the interfacial bonding energy increased 
first and then decreased for the remainder of the thermal cycles. For the second MD 
model, the interfacial bonding energy generally decreased with the increase of the 
thermal cycles. The difference between two kinds of simulations indicated that the 
interfacial adhesion between the EMC and cuprous oxide substrate was dominated 
by the change of the cuprous oxide content on the copper substrate. The higher the 
content of cuprous oxide on the copper substrate, the higher is the adhesion strength 
between EMC and copper substrate.  

 The above MD simulation results could be verified by the experimental results 
by Chung et al.  [37] . A similar trend showed that the interfacial adhesion was 
governed by the change of the content of oxide on the copper surface. Su and 
Shemenski  [38]  also showed that the cuprous oxide could be used to achieve better 
adhesion between the rubber and copper wire. Kendall  [39]  argued that the adhe-
sion between surfaces was governed the bonding surface properties rather than the 
bulk material properties of the two bonded materials. All of these were consistent 
with the observation in the MD simulation of the thermal cycling test. At this stage, 
the MD simulation results could not be evaluated quantitatively against the experi-
mental measurements, but qualitative trends predicted by MD simulations are 
consistent with the experimental observations.  

  Fig. 3.4    Interfacial bonding energy as a function of thermal cycles       
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  3.4 MD Study of Moisture Diffusion in Electronic Packaging  

 Moisture-induced reliability was one of the concerns extensively studied in package 
design. Moisture diffusion in plastic-encapsulated packages adversely affected 
the EMC/Cu interfacial adhesion and significantly reduces the reliability of the 
package. To obtain high reliable packages, understanding of the mechanism of 
moisture transport to the epoxy/copper interface at an atomic level is becoming 
necessary. 

 Normally, there are two moisture transport paths to the EMC/Cu interface, dif-
fusion in the bulk epoxy resin as well as via seepage along the interface. 
Distinguishing the two mechanisms of moisture transport to the interface is rather 
important for the understanding of moisture effect on the interfacial adhesion. 
Attention has been paid to both the moisture diffusion in bulk materials  [40 – 42]  and 
moisture wicking along an interface  [43 – 45] . However, it is very difficult to experi-
mentally determine moisture seepage along the interface. Moreover, it cannot be 
predicted by the traditional FEA simulation method. MD simulation is the proper 
method to provide information about the dynamics of water molecules in polymer 
materials and at their interfaces. Although some researchers had successfully 
applied MD simulations in the investigation of the diffusion of water molecules in 
some kinds of polymers  [46 – 50] , little attention was paid to the moisture diffusion 
in a crosslinked epoxy resin and its interface in electronic packaging. Fan et al.  [24]  
conducted MD simulations to investigate the respective moisture diffusion into the 
EMC and the EMC/Cu interface. The MD results showed that the seepage along the 
EMC/Cu interface was more prevalent than moisture diffusion in the bulk EMC, 
which obviously was dominant mechanism causing moisture-induced interfacial 
delamination in plastic packages. 

 We built two kinds of models to investigate the moisture diffusion in the bulk 
epoxy as well as seepage along the EMC/Cu interface. The EMC modeled in this 
study consisted of epoxy resin and curing agent, which is the same structure as 
shown in Fig.  3.1 . The bulk MD models composed of a fragment of fully cured 
epoxy resin network and different amounts of water molecules were built using the 
amorphous module in Accelrys. All the bulk models were built with a rectangular 
simulation cell 1.97 × 1.97 × 1.97 nm 3  in all directions. The interface models with 
different amount of water molecules at the interface were built with a rectangular 
simulation cell 1.81 × 1.81 nm 2  in the  x  and  y  directions, and periodic in the plane 
perpendicular to the EMC/Cu interface. The mass ratio of water molecules to the 
EMC in both kinds of MD models varied from 1.1 to 2.2%. Figure  3.5  shows the 
morphological configurations for the two kinds of MD moisture model.  

 At a temperature of 85°C, all the simulations were then performed with a 
presumed moisture concentration value using the NPT ensembles. MD simulations 
were conducted to equilibrate the whole systems for about 80 ps under a pressure 
of 0.1 MPa at 85°C. The velocity Verlet algorithm  [51]  was used for integration 
with the nonbonded interactions including Van der Waals and electrostatic forces in 
all MD simulations. The Ewald summation with a cutoff distance of 0.95 nm was 
used for the nonbonded interactions. 
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 The moisture diffusion constants were calculated based on the diffusion trajectories 
 r ( t ) of water molecules from an MD simulation. From the Einstein relation, the 
diffusion coefficients for the water molecules were calculated from the mean-
squared displacements,   2( ) | ( ) (0) |s t r t r= 〈 〉−   , of the water molecules averaged over 
time as follows  [24] : 

 2

1

1 d
lim [ ( ) (0)] ,

6 d

N

i it
i

D r t r
N t→∞

=

= 〈 − 〉∑    (3.6)    

where  D  is the moisture diffusion coefficient,  r  
 
i
 
 ( t ) is the coordinate of the center of 

the mass of the  i th water molecule, and  N  is the number of water molecules in the 
system. 

 The mean-squared displacements of water molecules against time for both the 
bulk EMC and EMC/Cu interface models, respectively, are shown in Fig.  3.6 . All 
the data in each graph were fitted using the straight line with the slope of  a . 
Equation (3.6)  can be simplified as follows  [24] :

  Fig. 3.5    Morphological configuration of ( a ) the bulk EMC and ( b ) the EMC/Cu system       

a b

EMC

Water molecules
Cu atoms

Water molecules

EMC

  Fig. 3.6    Mean-squared displacement of water molecules as the function of the simulation time 
( a ) in the bulk EMC and ( b ) at the EMC/Cu interface and the fitted lines for different mass ratios 
of water molecules to the EMC       
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 D a= / .6    (3.7)      

 The slope of the fitted line for different mass ratios of water molecules to the 
EMC was used to calculate the moisture coefficients for different cases by (3.7), 
and the calculated values are listed in Table  3.1 .     

 From the above MD simulations, we found that the predicted moisture diffusion 
coefficient decreased with the increase in the mass ratio of water molecules to the 
EMC. At a given temperature and relative humidity (RH), the moisture diffusion 
coefficient was dependent on the moisture concentration in the system with initial 
low moisture concentration, a high amount of moisture is absorbed in the system. 
However, increase in moisture concentration resulted in a lower moisture diffusion 
coefficient. Moreover, water clusters could be formed from increasing water mole-
cules present in the EMC materials or at the EMC/Cu interface. The clustering 
would reduce the mobility of water molecules resulting in low moisture diffusion 
coefficient. This phenomenon was also proved experimentally and numerically by 
other researchers  [47 ,  52] . 

 At the same environmental condition, the moisture diffusion coefficient for the 
bulk EMC material was smaller (almost one order of magnitude) than that for the 
EMC/Cu interface. The pore sizes at the EMC/Cu interface may be larger than 
those within the EMC material, which caters for higher water molecule mobility at 
the EMC/Cu interface. Comyn et al.  [43]  and Zanni-Deffarges and Shanahan  [44]  
found that the amount of water diffusion at the interface was higher in magnitude 
than that in the bulk epoxy. They concluded that capillary diffusion along the inter-
face exacerbated water ingress and surface tension effects near the polymer–metal 
interface increased the effective driving force for water penetration. These experi-
mental results confirmed with the MD simulation results, stipulating that moisture 
could more readily penetrate into the package along the EMC/Cu interface than in 
the bulk EMC. On the other hand, cracks existing at the EMC/Cu interface after 
encapsulation were another potential factor for enhancing moisture diffusion along 
the EMC/Cu interface. Therefore, we concluded that the seepage along the interface 
was the dominant mechanism for moisture diffusion into the EMC/Cu interface in 
plastic packages. The conventional understanding of moisture diffusion into the 
interface via the bulk EMC material is only a secondary moisture penetration path 

 Table 3.1    Moisture diffusion coefficients in both the bulk EMC material and the EMC/Cu inter-
face predicted by MD simulation under different conditions  

 Mass ratio of water molecules to the EMC 

 1.1%  1.7%  2.2% 

 Moisture diffusion coefficient in the bulk 
EMC material (mm 2  s −  1 ) 

 7.12 × 10 −5   5.58 × 10 −5   4.87 × 10 −5  

 Moisture diffusion coefficient at the EMC/
Cu interface (mm 2  s −  1 ) 

 7.29 × 10 −4   4.71 × 10 −4   3.79 × 10 −4  
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to the interface  [24] . From MD simulation results, it is concluded that the seepage 
of moisture along the EMC/Cu interface is an important factor in the design against 
moisture-related failures in plastic packages. Although the MD simulation can only 
provide a qualitative prediction of the moisture diffusion coefficient, the approach 
would be a useful tool to investigate the performance of EMCs under different 
moisture conditions.  

  3.5  Material Properties of Epoxy Resin Compound Predicted 
by MD Simulation  

 One of the popular research topics in electronic packaging is the investigation of material 
properties, especially the crosslinked epoxy resin compounds widely used in electronic 
packaging. Prediction and better understanding of its properties would be necessary and 
significant to the design and development of the crosslinked epoxy resin compounds in 
electronic packaging. MD simulation has been used to predict material properties of 
different materials  [53 – 57] . Most of these studies have been focused on thermoplastic 
materials, such as poly(methyl methacrylate), polyethylene, and polyarylethersulfones. 
However, due to the complexity of the crosslinking reactions, little attention was paid 
to the material properties of the thermoset materials, especially the crosslinked epoxy 
resin compounds widely used in electronic packaging. MD simulations were conducted 
to estimate the material properties of the crosslinked epoxy resin compound by Fan et al. 
 [25] . The detail was presented as follows. 

 MD simulations were conducted using the polymer consistent force field 
(PCFF). The velocity Verlet algorithm was used for integration in all MD simulations. 
The nonbond interactions include Van der Waals and electronic static forces, and 
the Ewald summation with a cutoff distance of 9.5 Å was used for the dispersion 
interactions. The fully cured epoxy network was composed of EPON 862 resin and 
TETA-Triethylenetetramine curing agent. The chemical structures of the monomers 
(EPON 862 and TETA) were given in Fig.  3.7 . During the curing reaction, the 
hydrogen atoms in the amine groups of curing agent molecules reacted with 
the epoxide groups of epoxy reins. The crosslinking activity expands in all direc-
tions and forms a network of macromolecules.  

  Fig. 3.7    Chemical structure of the monomers: ( a ) EPON 862 and ( b ) TETA-Triethylenetetramine       
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 Based on the experimental condition in the literature  [58] , a fragment of fully 
cured network consisting of 12 molecules of EPON 862 epoxy resin and 4 mole-
cules of TETA was built and an amorphous structure was constructed with a density 
equal to the experimental value of 1.23 g cm −3 . The simulation cell was periodic in 
all directions. MD simulations were then conducted starting at 225°C under a pres-
sure of 0.1 MPa using the NPT. Temperature was cooled to room temperature at a 
rate of 10°C/200 ps by the nose-controlled method. Each subsequent simulation 
was started from the final configuration obtained at the preceding temperature. The 
MD simulation was conducted with an interval of 1 femtosecond (fs) in each MD 
simulation step. 

 Figure  3.8a  shows the density of the cured epoxy at each temperature. The den-
sity increased steadily with decreasing temperature and the change of the slope of 
the density curve was observed. The change in the slope of the density curve 
defines the value of the glass transition temperature ( T  

g
 ), at approximately 109°C. 

The predicted value of  T  
g
  from molecular dynamics simulation is very close to the 

experimental value from the literature  [58]  listed in Table  3.2 .     
 The initial volume of the system from MD simulations was 36.20 nm 3  and the 

corresponding volume of the system at each temperature was calculated from MD 
simulations. The change in the volume of the cell structure against the temperature 
was given in Fig.  3.8b . The volumetric thermal expansion coefficients for both 
the glassy and rubbery state were obtained from the two slopes of the curve which 

Fig. 3.8 (a) A plot of the density against temperature and (b) volume change against temperature 
and the fitted lines

 Table 3.2    Material properties of the epoxy resin compound from both 
MD simulation and experimental data in [58]  
 Material properties  MD simulation  Ref.  [58]  

 Young’s modulus (GPa)  3.75  3.43 
  T  

g
  (°C)  109  105 

  b  
1
  (below  T  

g
 ) (ppm/°C)  55.3  61.0 

  b  
2
  (above  T  

g
 ) (ppm/°C)  184.7  195.0 
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discontinued at the glass transition temperature. The linear thermal expansion 
coefficient    was related to the volumetric thermal expansion coefficient    by 

 b a=
1

3
.    (3.8)     

 The linear thermal expansion coefficients for both the glassy and rubbery state 
were calculated and are listed in Table  3.2 . 

 The mechanical behavior of a system at the atomic scale is described using the 
equivalent-continuum constitutive relation. For the isotropic material, the stress–
strain behavior can be described by only two independent coefficients, Lame coef-
ficients,  l  and  µ , which are the same as those described at a macroscale level. 
Therefore, the mechanical properties of material from MD simulation, such as 
Young’s modulus, can be given as follows: 

   
E =

+
+

⎛
⎝⎜

⎞
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m
l m
l m

3 2
.
 

(3.9)
   

 Young’s modulus of the epoxy resin compound was calculated from the MD simu-
lations and is listed in Table  3.2 . Compared with the experimental results from the 
literature  [58] , we found that the predicted values of both CTE and Young’s modulus 
from the MD simulations were very close to those values with a small variation 
within 10%. The small difference between the MD simulation and experimental val-
ues can be attributed to the lower crosslink density of the epoxy resin compound in 
the experimental results from the literature  [58] . During experiment, it is most likely 
that a certain amount of components (EPON 862 and TETA) are not fully crosslinked 
together, which allows the sample to produce larger strain than the idealized situation 
stipulated in the MD simulation modeling a fully crosslinked network. Therefore, the 
epoxy resin compound is rather soft and bears large deformation, which results in 
lower modulus and thermal expansion coefficients. Moreover, these material proper-
ties can also be degraded by voids or impurity inside the epoxy compound  [25] . 

 The predicted material properties from MD simulations were close to the experi-
mental values from the literature  [58] , which confirms the accuracy of the cured 
epoxy resin model, the propriety of the force field and the cooling rate. The pre-
dicted material properties of an epoxy resin compound prior to laboratory design 
can guide the design and development of new epoxy resin compounds with higher 
quality in electronic packaging.  

  3.6  Thermal Performance of Carbon Nanotubes Investigated 
by MD Simulations  

 With the increasing need of electronic devices with smaller size, materials with 
higher performance are widely used in electronic packaging. CNTs have been 
widely applied in many fields due to their excellent mechanical and electrical 
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properties. CNTs are now attracting more attention of researchers as promoter of 
TIMs, which are used to dissipate heat from die to heat sink in electronic packag-
ing. CNTs are dispersed or aligned in polymer composites to enhance the thermal 
conductivity of the composite. However, it is still technically difficult to measure 
the thermal conductivity of an individual CNT. MD simulation provides a viable 
tool to investigate thermal transport in nanostructures. Basically, there are two 
kinds of frequently used MD simulation methods on heat transfer in CNT. One is 
the equilibrium molecular dynamics (EMD) method based on the Green–Kubo 
relation. The other is the nonequilibrium molecular dynamics (NEMD) method 
based on Fourier’s law. Both methods have been applied to predict the thermal 
conductivity of single-walled CNT (SWCNT) or multiwalled CNT (MWCNT) 
 [59 – 62] . The predicted thermal conductivity of SWCNT or MWCNT varied from 
several hundreds to thousands W K −1  m −1 . Large variation for the predicted values 
may result from the methods used for calculation, potential function, CNT length, 
etc. In spite of lots of these challenges in MD simulations on CNTs, it is still necessary 
for us to investigate the performance of CNTs at a fundamental level. Some useful 
information can be extracted from MD simulation for use as a guide for experimen-
tal design of CNT-based TIMs, which enhance heat dissipation and prevent 
temperature-related failure occurring in electronic packaging. Therefore, the thermal 
conductivity of SWCNT with different lengths was calculated, and the effects of 
voids on the material properties of CNTs were investigated in this study. 

 MD simulations were conducted using Material Studio (Accelrys, Inc.) software. 
COMPASS force field was used in the simulation. Most of previous studies of 
CNTs used Tersoff–Brenner potential whose parameters were taken from experi-
ments on diamond and graphite. However, nonbonding energy, such as Van der 
Waals force, is not included in this potential. There will be some issues occurring 
during the MD simulation, such as mentioned by Bi et al.  [60]  that the Tersoff–
Brenner potential excludes the Van der Waals force among the atoms resulting in 
bending of longer tubes, which cause failure of the thermal conductivity calcula-
tion. Moreover, the potential without nonbonding forces is not suitable to the 
MWCNT as well as the later study of CNT-based polymer composites. Comparing 
with Tersoff–Brenner potential, COMPASS contains not only valence bonding 
energy but also nonbonding energy, and can reproduce CNT behavior reliably. Due 
to the difficulty of converging the heat flux and the complexity of the autocorrela-
tion function in EMD method, NEMD method was used in the following 
simulations. 

 A SWCNT model with a finite length was built with the periodic simulation cell 
periodical in  x  and  y  directions. The model was divided into  N  regions along the  z  
axial direction of the CNT, including a hot and a cold region at the two ends, 
respectively, as shown in Fig.  3.9 . Based on the NEMD algorithm proposed by 
Ikeshoji and Hafskjold  [63] , a constant energy was added to the hot region and the 
same amount of energy was removed from the cold region. The velocities of atoms 
in both hot and cold regions were scaled to accomplish the energy transfer from the 
hot region to the cold region, in which both the energy and momentum are con-
served for the whole system. The heat flux was given as follows: 
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   J
E

=
∆
∆S t

,  (3.10)    

where  J  is the heat flux of the CNT,  S  is the cross-section area of the CNT, and ∆ t  
is the simulation time step.  

 The instantaneous local temperature in each region is given as follows  [64] :
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  where  n  
 
k

 
  is the number of atoms in region  k ,  k  

B
  is the Boltzmann’s constant, and  m  

 i 
  

and  v  
 i 
  are, respectively, the mass and velocity of atom  i . 

 The temperature gradient along the CNT was then set up due to the heat flux 
imposed on the system. The thermal conductivity of the CNT    can be calculated by 
the Fourier law: 

   l =
〈 〉

〈∂ ∂ 〉
J

T Z/
,  (3.12)    

where ¶    T / ¶Z is the temperature gradient along the CNT and the brackets denote a 
statistical time average. 

 To investigate the length effect on the thermal conductivity, MD models of the 
(5, 5) SWCNT with length varying from 16.6 to 37.1 nm were built. At the given 
temperature of 298 K, all the systems were initially equilibrated for 80 ps using 
NVT ensemble. An energy, ∆E = 3.0×10−22 J, was then imposed on the hot region 
and removed from the cold region in the system and NEMD simulations were con-
ducted based on the above method using NVT ensemble. NEMD simulation ran for 
a long time until a steady state temperature distribution was achieved along the 
SWCNT. All the simulations were performed with an interval of 1 fs in each MD 
simulation step. Velocities of atoms in each region were averaged over the last 1-ps 
period to obtain temperature distribution along the CNT. Figure  3.10a  shows the 
temperature distribution along the SWCNT with the length of 16.6 nm.  

 Temperature is distributed linearly along the CNT for all the models. The tem-
perature gradient ¶    T / ¶Z was obtained from the slope of the fitted straight line of 
the temperature profile. The cross-section area with a 3.4-Å thick annular ring was 
used to calculate heat flux. Based on the above equations, the thermal conductivities 
of the SWCNTs were calculated for different lengths and were plotted against 

  Fig. 3.9    MD model of the CNT with different lengths       
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SWCNT length, as shown in Fig.  3.10b . The value of the thermal conductivity 
increased with the increasing SWCNT length, which means that thermal conductiv-
ity of SWCNT is length dependent. There would be larger phonon scattering for the 
shorter SWCNT. Larger phonon scattering results in lowering the value of the ther-
mal conductivity when the length of the SWCNT is shorter than the phonon mean 
free path (MFP). It is believed that the thermal conductivity would converge when 
the length of the SWCNT was larger than the MFP. The predicted values of the 
thermal conductivity were close to those values given by Maruyama  [62] . Some 
other MD simulation results showed that thermal conductivity was temperature 
dependent  [60 ,  61]  and indicated that higher temperature was a dominating cause 
in enhancing phonon scattering  [60] . 

 The existence of defects in a CNT can affect both the stiffness and thermal con-
ductivity of the CNT. There will be a strong impact on the performance of CNT as 
TIM in electronic packaging. Therefore, investigation of the effect of defects on the 
performance of CNT at a fundamental level is very important for the package 
design. For the SWCNT with the length of 16.6 nm, MD models with different 
kinds of defects in the SWCNT wall were built  [33] . The configurations of these 
defects were presented in Fig.  3.11 . The SWCNTs with different kinds of defects 
exhibit some degrees of discontinuity in the temperature profile at the defect loca-
tion. Amongst them, the largest jump in the temperature profile results from the 
oxidation defect, while the smallest jump results from the Stone–Wales defect. 
Based on the above equations, the thermal conductivities of the SWCNTs were 
calculated for the SWCNT with different kinds of defects and were plotted, as 
shown in Fig.  3.12 . It was found that all the values of the thermal conductivity for 
the SWCNT with defects were smaller than that of the defect-free SWCNT. The 
degradation of the thermal conductivity resulted from the increase of phonon scat-
tering and the large temperature gradient caused by defects. MD simulation results 
showed consistency with the discussion by Che et al.  [59]  and Mingo and Broido 
 [65]  that defects scattered the long wavelength phonon more efficiently, and signifi-
cantly reduced the thermal conductivity.  

 Although defects were also generated to achieve some designed functionalities 
 [66 – 68] , the thermal conductivity of CNTs can be drastically reduced by defects. 

  Fig. 3.10    ( a ) Temperature profile along a (5, 5) SWCNT and ( b ) thermal conductivity of SWCNT 
against CNT length for 298 K       
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Padgett and Brenner  [69]  found that the thermal conductivity of the SWCNT was 
drastically reduced by functionalized carbon atoms. They argued that increasing the 
heat transfer in a CNT-based polymer composite by chemical crosslinking may be 
counterproductive. Shenogin et al.  [70]  also found that chemical bonding between 
the polymer matrix and the CNT reduced not only the tube-matrix resistance but 
also the intrinsic tube conductivity. These results were all consistent with the results 
from MD simulations in this study, confirming that defects in CNT could heavily 
reduce the intrinsic thermal conductivity of SWCNT. There would be a significant 
effect on the thermal performance of CNT-based assemblies, especially CNT array 
as TIM in electronic packaging. The defect-induced ineffective thermal dissipation 
could threaten the reliability of the electronic packages. Therefore, special experi-
mental treatments are needed to purify CNT and prevent defects occurring in the 
CNT wall, which is more important to enhance the thermal performance of CNT-
based TIM in electronic packaging. 

Fig. 3.11 Typical defects in a SWCNT: (a) vacancy defect; (b) Stone–Wales defects, i.e., seven- 
and five-membered rings instead of the normal six-membered ring in the CNT; (c) sp3-hybridized 
defects which refer to the change from sp2 to sp3 of a C–C bond and functionalized with –OH and 
–H group; and (d) C framework damaged by oxidation which leaves a hole with –COOH groups

  Fig. 3.12    Predicted thermal conductivity of the SWCNT with different kinds of defects at room 
temperature from MD simulation       
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 MD simulation results showed that thermal conductivity of SWCNT is depend-
ent on the CNT length due to long phonon MFP. It was anticipated that the thermal 
conductivity would not converge until the CNT length is sufficiently greater than 
its MFP. It was also found that the thermal conductivity was heavily affected by 
defects in the CNT wall. The performance of CNT as TIM in electronic packages 
will be much lower due to the defects in CNT. What we have done is the first step 
in understanding the CNT performance, which is useful in experimental design of 
CNT-based TIMs used in electronic packaging. Further MD simulations will be 
focused on material performance of CNT-based epoxy compound and CNT assem-
bly with metals or silicon in electronic packaging. MD simulation can provide 
information on performance of these CNT-based materials for the optimization of 
the structure before experimental trials.  

  3.7 Summary  

 With proper formulation of the MD model and appropriate use of boundary condi-
tions, potential functions, and simulation procedure, MD simulation can provide 
good understanding of the material performance and interaction under different 
conditions. In spite of the large number of interfaces involved and scale issues, MD 
simulation has demonstrated provision of additional insight into the local interac-
tion at material interfaces in microelectronic devices. The above sections have also 
illustrated that MD simulations can produce estimates of material properties in 
good agreement with the experimental values, such as Young’s modulus, CTE, and 
 T  

g
 . It can also investigate phenomena which cannot be handled by experimental 

methods, such as moisture diffusion along the interface, the effect of the molecular 
structure causing structural weakness, defects, and defect generation. 

 Therefore, the fundamental knowledge obtained from MD simulation can 
contribute toward the development of a methodology that can provide detailed 
molecular interactions at local material interfaces in electronic packages. The 
knowledge is of vital importance to the development of next generation of IC pack-
ages with ever-decreasing feature size and more complex interconnect design, as in 
the case of system on chip (SOC) or system in package (SIP) designs. While the 
MD simulations are capable of generating in depth insight into the local molecular 
interactions, a consistent approach to relate the MD results to the results in an 
equivalent-continuum model is needed to provide a full understanding of the mate-
rial performance across the scale range.      
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   Chapter 4   
  Advances in Delamination Modeling        

     O.   van der Sluis(*ü )    ,    C.  A.   Yuan   ,    W.  D.   van Driel   , and    G.  Q.   Zhang         

  4.1 Introduction  

 Today’s microelectronic packages are typically composed of various materials, like 
silicon, metals, oxides, glues, and compounds (polymers). In Fig.  4.1 , cross sec-
tions of a leadframe- and substrate-based package are depicted. Due to the dissimi-
lar nature of these materials and the inherent presence of a large number of 
interfaces in each component, various failure modes, such as interface delamina-
tion, chip cracking, and/or solder fatigue, will occur during processing (qualifica-
tion), testing, or usage. The occurring thermomechanically related failures in these 
components account for more than 65% of the total reliability issues  [1] .  

 Future generations of these electronic components will be subject to increasing 
miniaturization down to the nanoscale, increasing levels of system and function 
integration, introduction of new materials, cost reduction, and shorter time to mar-
ket. In this context, virtual prototyping and virtual qualification provide a framework 
to generate optimized designs, resulting in less trial-and-error-based design cycles, 
thus reducing development costs. Reliable and efficient numerical models and 
advanced simulation-based optimization methods are therefore required  [2 ,  3] . 

 This chapter discusses the first topic:  toward reliable and efficient numerical mod-
els . Continuum mechanical failure models will be discussed first. Typically, these 
models are implemented in a finite element (FE) framework from which the resulting 
thermomechanical response of a product with appropriate boundary and processing 
conditions can be calculated. However, due to the decreasing dimensions of the mate-
rials, the characterization of their “bulk” and interface properties becomes more criti-
cal  [4] . In this respect, atomistic-based modeling methods could provide a means to 
predict and understand these properties, and ultimately, to develop materials, inter-
faces, and components with tailored properties. The basics and challenges of molecu-
lar dynamics (MD) will also be discussed in this chapter. Although MD will provide 
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valuable information regarding these properties, the size of the models is still restricted 
to a very small region of the components under consideration. Hence, the combination 
of both modeling methods will provide a very powerful multiscale framework for the 
virtual prototyping of micro/nanoelectronic components.  

  4.2 Delamination-Related Failures in Micro/Nanoelectronics  

 As already mentioned above, various failure modes can occur in micro/nanoelec-
tronic devices. A division can be made between failures at device level (the die) and 
failures at package level. Examples of failures at device level are electromigration, 
electrostatic discharge (ESD) damage, pattern shift (or metal shift), back-end struc-
ture delamination, and Kirkendahl voiding. At the package level, examples are stitch 
break, die lifting, body cracking, solder joint fatigue, and delamination at various 
interfaces. Figure  4.2  shows several examples of actually observed failures that 
originate from delaminating interfaces. As mentioned in the introduction, the major 
trends in the electronics industry are miniaturization and function integration. The 
smallest feature sizes on today’s dies are already falling to 90 nm and lower, and 
from the packaging point of view a similar trend is visible. Die thickness will 
decrease below 50 µm, wire diameter below 15 µm, interconnect pitch below 20 µm, 
copper film thickness below 10 µm, and via diameter in substrates below 20 µm. If 
the industry is going to rapidly decrease these sizes at high-volume production dur-
ing the next 15 years, then the need for delamination prediction needs our attention 
today. Not only those material combinations having sufficient interface toughness 
should be selected, but also design choices should be made resulting in components 
that are able to withstand increased forces due to the occurrence of delamination.   

  4.3 Continuum-Based Interface Delamination Modeling  

 In this section, an overview and typical applications of continuum-based failure 
models are given. 

  Fig. 4.1    Cross section of two typical package families: leadframe- ( left ) and substrate-based 
( right )       
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4 Advances in Delamination Modeling 63

  4.3.1 Interface Fracture Mechanics  

 Fracture mechanics theory provides a way to evaluate if an already present (or 
assumed) crack of given geometry and location in a sample is critical. To this end, 
the energy release rate (ERR), also called crack driving force, as formulated in 
Griffith’s energy balance, is calculated (e.g.,  [5] ):
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 Here,  W  is the external work,  U  is the elastic energy, and  G  is the energy required 
for crack growth, while  a  is the crack length. Dividing the left-hand side by the 
specimen thickness  B  yields the energy release rate  G  (J m −2 ). The right-hand side 
of ( 4.1 ) is also called the crack resistance force (after division by  B ). The criterion 
for crack growth is G ≥ G

c
,where  G  

c
  is the fracture toughness (singular) stress field 

at the crack tip. In interface fracture mechanics, appropriate when dealing with 
delamination issues, this factor is a complex variable: K = K
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  [6] . As a result, 

the crack-tip stresses are (e.g.,  [7] )
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  is the shear stress,  r  is the distance from the crack 
tip, and  e  is the bimaterial constant, defined as 
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  Fig. 4.2    Examples of failures for the leadframe-based ( left ) and substrate-based ( right ) families       
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in which  b  is the second Dundur’s parameter. The ERR is determined from the 
stress intensity factor according to
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 From experiments, it is now well established that the interface toughness is a 
function of the direction of the loading at the crack tip G

c
(y), which is characterized 

by the mode angle  y  (e.g.,  [7 ,  8] ). The mode angle is defined as the ratio of shear 
to normal tractions, transmitted across the interface at a reference distance   l ahead 
of the crack tip:
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 Clearly, the calculation of the mode angle at an interface requires a choice for the 
reference length value, and should therefore always be supplied when reporting 
interface toughness values. However, since from ( 4.5 ), it can be shown that 
Y Y e2 1 2 1= + ln( / )l l    (in which  y  

 i 
  is associated with l i), toughness values can 

always be transformed. 
 Within a FE framework, for linear elastic materials, the ERR can be calculated 

by the so-called  J -integral  [5] . For accurate calculation of the  J -integral value, the 
singularity, denoted by r l where  l  is the order of the singularity, should be captured 
properly. For homogeneous materials, for which  l  equals 0.5, Barsoum  [9]  has 
shown that the singularity can be described exactly when using so-called quarter 
point elements. However, as pointed out by Abdel-Wahab and de Roeck  [10] , this 
element cannot be used for  l  values other than 0.5, unless an extremely fine mesh 
is used. This is confirmed by He et al.  [11] , who show that for interface cracks, 
convergence upon mesh refinement is obtained. 

 Several alternative methods exist to calculate  G , like the virtual crack extension 
method  [12]  and the virtual crack closure method  [13 ,  14] . For the calculation of 
the stress intensity factors, necessary for the determination of the mode angle, sev-
eral methods have been developed: the interaction integral method proposed by 
Shih and Asaro  [15]  and the crack surface displacement method by using the crack-
tip opening displacements  [16] . Due to the scope of this chapter, these will not be 
discussed here. 

 As input for the finite element models, the interface toughness function G(y) 
should be measured. In standard tests like double cantilever beam (DCB), three-
point bending (TPB), and four-point bending (FPB), the mode mixity can be altered 
by changing the dimensions of the sample. Clearly, this requires different samples 
for different mode angles. For the purpose of characterizing interfaces in the full 
range of mode mixity using a single sample, a mixed-mode bending setup has been 
developed by Thijsse et al.  [8] . The apparatus proposed by Reeder and Crews  [17]  
has been modified to measure small forces accurately, due to the small dimensions 
of typical semiconductor samples. The modified setup is depicted in Fig.  4.3 .  

Morris_Ch04.indd   64Morris_Ch04.indd   64 9/29/2008   8:06:49 PM9/29/2008   8:06:49 PM



4 Advances in Delamination Modeling 65

 By changing the position of the force acting on the loading beam  L , the mode 
mixity can be controlled and consequently, G(y) can be determined. For more 
details, the reader is referred to  [8] . More recently, an improved version of the 
mixed-mode bending setup has been suggested by Xiao et al.  [18] .  

  4.3.2 Cohesive Zone Elements  

 In contrast with fracture mechanics theory, cohesive zone modeling, based on the 
pioneering ideas of Dugdale  [19]  and Barenblatt  [20] , does not require an initial 
crack to be present. Furthermore, this technique can be used to describe both crack 
initiation and propagation. Finally, it is versatile in the sense that it can be applied 
to brittle and ductile failure behavior. The idea for developing cohesive zone mod-
els is that infinite stresses at the crack tip do not exist. Instead, the crack is divided 
into a stress-free region and a stressed region around the crack tip, loaded by so-
called cohesive stresses. Fracture is regarded as a gradual process in which failure 
occurs across an extended crack tip, or cohesive zone, and is resisted by cohesive 
tractions  [21] . In a finite element context, cohesive zone elements are placed 
between continuum elements. Hence, this method is extremely appealing when 
considering interface delamination issues  [21 ,  22] . 

 The cohesive tractions are calculated from a so-called traction–separation law 
(TSL), providing the relation between the separation vector 

r
d  at the interface and 

the traction vector 
r
t  (see Fig.  4.4 ).  

 Here, we follow van Hal et al.  [23] , in which a Smith–Ferrante model is 
employed. Furthermore, irreversibility is taken into account based on the frame-
work provided by Ortiz and Pandolfi  [21] . The TSL is given by 
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  Fig. 4.3    Mixed-mode bending setup: ( a ) schematic and ( b ) picture of the actual setup       
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 Here,  t  is the equivalent traction and  d  is the effective separation, defined as 

   
d d b d= 〈 〉 +n s

2 2 2 .
 

(4.7)
   

 The parameter  d  
c
  is the effective displacement at which the maximum traction 

 t  
max

  is reached. The constitutive parameter  b  defines the ratio between the shear and 
normal critical tractions. As a result of the MacAuley brackets in ( 4.7 ), defined as 
áxñ = 0.5(x+|x|) only positive normal separations influence the effective separation. 
It can be shown that the work of separation can be expressed as  [21] 
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 This cohesive zone element has been implemented as user element in the com-
mercial finite element package MSC.Marc. For more detail, the reader is referred 
to  [23 ,  24] . 

 In several papers, it is emphasized that, to get meaningful results with cohesive 
zone elements, the size of the process zone should be accurately captured by the 
finite element discretization  [4 ,  25] . In  [25] , it is argued to use ten elements within 
the process zone. However, when dealing with brittle interface behavior, as is the 
case in typical semiconductor applications, this severely limits the applicability of 
this method due to the mesh requirements, both in 2D and 3D applications. In addi-
tion, possible limit points (snap-through and snap-back) could be present caused by 
the combination of the brittle nature of the interfaces and the localized nature of the 
delamination. However, it has been shown by van Hal et al.  [24]  that, when using a 
conventional arc-length control method like the cylindrical one  [26] , sharp limit 
point as a result of the small localization zones (i.e., the interfaces) cannot be 
passed. However, when applying a  local  arc-length control method, limit points can 
be passed efficiently and accurately  [24] . 

  Fig. 4.4    A typical (exponential) traction–separation law. The current stiffness defines the elastic 
loading/unloading behavior       
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4 Advances in Delamination Modeling 67

 As an example, a two-dimensional model of an IC back-end structure has been 
generated in which all interfaces have been taken into account by cohesive zone 
elements (of course, with appropriate interface toughness values), see Fig.  4.5a . 
Figure  4.5b  shows the resulting force–displacement curve illustrating the severe 
snap-back behavior. Several typical deformation stages (1, 2, 3) are depicted in Fig. 
 4.6  as deformed stages.  

 Due to the promising results of the developed local arc-length control method, 
currently, this methodology is being extended to three dimensions. In this way, the 
method can be applied to realistic geometries.  

  4.3.3 Area Release Energy Criterion  

 In Sect.  4.3.2 , methods based on fracture mechanics and cohesive zones have been 
discussed. The disadvantage of fracture mechanics-based approaches lies in the fact 
that a crack with given size and location has to be defined a priori whereas the 

Fig. 4.5 Two-dimensional IC back-end model including cohesive zones: (a) cross section of a 
back-end structure and corresponding (enlarged) model and (b) resulting force–displacement 
curves showing several limit points
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  Fig. 4.6    Zoomed region of the back-end model showing several deformation stages of the dela-
mination behavior of the back-end structure. The stages ( a )–( c ) correspond to (1)–(3) in Fig.  4.5        
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 application of cohesive zone models to real 3D structures is not yet possible due to 
the fact that the current implementation of the robust local arc-length control is in 
two dimensions only. Alternatively, for the purpose of analyzing, ranking, and opti-
mizing complex three-dimensional structures (e.g., a back-end structure), an energy-
based method has been developed, called the area release energy (ARE)  [27 ,  28] . 
This ARE criterion has the following advantages compared with the already dis-
cussed approaches (1) damage sensitivity analysis of complex three-dimensional 
structures is possible: it allows an instant overview of the critical areas within these 
structures; (2) it is not required to assume a pre-existing defect at a specific location 
with a specific size, as is the case in traditional fracture mechanics approaches. 

 For explanation purposes, a two-dimensional schematic is depicted in Fig.  4.7 . For 
each node  i  on the interface, a number of nodes  n  will be released that lie within the 
area bounded by 2l In a 3D setting, this area equals πl2, corresponding to a circular 
area (i.e., a penny-shaped crack). The ARE value for each node i is calculated as ,
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i j
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j
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r r
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in which   
r
Fj   is the force vector acting on node  j  (before release) and   [ ]u j

→
  is the 

resulting separation vector (after release). The released surface is denoted by  A  
 i 
 . 

Clearly, the reason for releasing a predefined area instead of simply releasing indi-
vidual nodes separately is to prevent mesh dependency of the energy release values 
in nonuniform grids. As a result, convergence of the energy values is obtained upon 
mesh refinement, as shown in  [28] . 

 From ( 4.9 ), it can be concluded that the ARE value does not correspond to the 
ERR value, the latter being defined as the energy released from a crack length  a  to 
 a  + d a . For this reason, the ARE method has been extended to calculate ERR values 
in an accurate way while retaining the original advantages of the ARE method. 
Preliminary results are reported in  [29] . 

 The authors would like to point out that currently, another numerical method has 
emerged which, in essence, facilitates modeling of any kind of discontinuities (e.g., 
cracks or material interfaces) without the need for special remeshing steps. This 
method is based on the partition-of-unity principle and is called X-FEM  [30] . More 
specifically, for crack propagation analysis, both the crack discontinuity and the 
singular crack-tip field are implicitly embedded in the element formulation.  

  Fig. 4.7    Two-dimensional representation of the ARE method  [27 ,  28]  (with permission)       

area 2λ

node i 

release

Morris_Ch04.indd   68Morris_Ch04.indd   68 9/29/2008   8:06:51 PM9/29/2008   8:06:51 PM



4 Advances in Delamination Modeling 69

  4.3.4  J-Integral Application: Delamination-Related Problems 
in Exposed PadPackages  

 Exposed pad packages were introduced in the late 1980s–1990s because of their 
excellent thermal and electrical performance. An exposed pad package is a package 
composed of a die attached to an exposed pad and in a later stage encapsulated with 
an epoxy molding compound. Figure  4.8  shows two examples for a gull wing-
exposed pad package and a quad flat no-lead (QFN) package. Exposed pads increase 
the maximum power dissipation of packages due to their increased thermal perform-
ance. In most applications, the exposed pad is used as an electrical ground. To do so, 
so-called down-bonded wires are attached from the die to the exposed die pad.  

 Despite these advantages, a lot of delamination-related reliability problems are 
observed during qualification and testing of the exposed pad family, such as die lift 
(see examples in Fig.  4.2 ). These reliability problems are driven by the mismatch 
between the different material properties, hygroswelling, vapor pressure-induced 
expansion, and degradation of the interfacial strength due to moisture absorption 
which can be taken into account by numerical models that are able to predict the 
moisture diffusion, deformation, stress, and interfacial loading history as functions 
of processes, temperature and moisture loading  [31 ,  32] . From experimental point 
of view, we used the four-point bending test to determine the interface fracture 
toughness between molding compound and leadframe. We found that at 20°C and 
dry conditions, the adhesion strength between compound and leadframe is approxi-
mately 6 J m −2  under a mode mixity of 38°C  [33] . 

 For predicting delamination growth, the  J -integral method is applied to calculate 
the ERR at the interface as a function of hygrothermomechanical loading at differ-
ent interfaces within the package (see Fig.  4.9 ).  

 Figure  4.10  shows the fully parametric 2D FE model with a typical crack-tip 
mesh. Through a mesh sensitivity analysis, the eventually used mesh size is 
determined.  

 Figure  4.11  shows the calculated  J -integral values at the different locations as a 
function of the loading conditions. In this figure, 0% is the starting point at the side 
of the pad, 20% is the corner point, 40% is the point of the die attach fillet, 60% is 
exactly below the die, and 100% is at the symmetry line.  

  Fig. 4.8    Examples for exposed pad packages: gull wing leads ( top ) and QFN version ( bottom )       
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  Fig. 4.9     J -integral values are calculated at locations A–G       

  Fig. 4.10    FE mesh for the low profile quad flat package (HLQFP) ( left ) and a typical crack-tip 
mesh at location D ( right )       

  Fig. 4.11    ERR values at the different process conditions as a function of the location       

Front position delamination along pad [%]

After Moulding

After MSL

During TMCL

j-
in

te
g

ra
l [

J/
m

2]

After Moulding

After MSL

During TMCL

10

0 20 40 60 80 100

50

150

Morris_Ch04.indd   70Morris_Ch04.indd   70 9/29/2008   8:06:51 PM9/29/2008   8:06:51 PM



4 Advances in Delamination Modeling 71

 The following can be concluded from this figure. At the side of the pad (locations 
G and F), the ERR values are below 5 J m −2  during processing, indicating that this 
interface will not fail from a thermomechanical point of view. During thermal cycling 
(TMCL), the ERR values increase to 10 J m −2  and are getting closer to the toughness 
values. During cool down from the molding temperature, the ERR values at the loca-
tions B and C (i.e., interface die attach with leadframe) increased dramatically and 
seem to exceed the measured values. Especially at location C, directly below the die 
corner, the ERR values rise until 50 J m −2  after molding and 150 J m −2  during TMCL 
testing and are beyond the measured toughness values. During moisture sensitivity 
level (MSL) testing, the ERR values drop due to the expansion of the compound as a 
result of moisture uptake. Upon swelling, the compound closes the interface and ERR 
values decrease. The effect of the moisture is purely degrading the interface tough-
ness with 20–40%. The results indicate that delamination will occur at the die attach 
border and has the tendency to progress until point B, but not until point A. 

 The results indicate that when die pad delamination is present, cracks are likely 
to grow beneath the die and die lift will occur. The interaction between die lift and 
other failure modes, such as lifted ball bonds, is not found to be very significant. To 
prevent delamination, it is vital to secure processing conditions of the exposed pad 
family by proper curing of molding compound and/or die attach materials to obtain 
sufficient interface toughness.  

  4.3.5  Cohesive Zone Application: Buckling-Driven 
Delamination in Flexible Electronics  

 A frequently encountered failure mode in flexible electronics as illustrated in Fig. 
 4.12a  is buckling-driven delamination between a thin layer (e.g., ITO or SiN 

 
x

 
 ) 

and another functional layer or substrate (e.g., BCB, PI), as reported in  [34]  (see 
Fig.  4.12b ). From an initial region of bad adhesion between film and substrate, 

  Fig. 4.12    ( a ) Example of a flexible display from Polymer Vision (with permission from   http://
www.polymervision.com)     and ( b ) observed buckling-driven delamination within pixels  [34]  (with 
permission)       
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buckling of the film occurs due to the compressive stresses. Consequently, the 
delaminated region propagates due to the loading from the buckle. This failure 
mode is caused by the coupling of buckling and interfacial delamination  [7] . In 
the past two decades, a huge amount of research has been devoted to the failure 
behavior of thin solid films; see for instance  [7 ,  35 – 37] .  

 Typical dimensions of the flexible samples are: the thickness of the thin layer is 
in the order of 100–800 nm, whereas the substrate has a thickness of 100–500 µm. 
To realize fully functional flexible displays (in fact, this is the goal of the European 
Project  Flexidis   [38] ), these occurring failure modes should be understood and pre-
vented. For this purpose, interface characterization methods and numerical tools are 
developed. 

 Due to the fact that the used materials are thin, standard available experimental 
methods (e.g., peel testing) cannot be applied. For this reason, a two-point bending 
setup has been developed by Bouten  [34]  and Abdallah et al.  [35] , which is illus-
trated in Fig.  4.13a . As a result, the buckling morphology can be studied as a  function 

  Fig. 4.13    ( a ) The mechanical two-point bending device of Bouten and Abdallah; confocal micro-
scope images of ( b ) straight and ( c ) telephone cord buckle morphology. The bending strain is 
increased from ( b ) to ( c ). Pictures are courtesy of A. Abdallah and C. van Rekum       
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of prescribed strain  [35] , as indicated in Fig.  4.13b, c . By increasing the curvature, 
and thus the compressive strain in the sample, the straight buckles transform, under 
certain circumstances, into the telephone cord morphology.  

 Using approximate analytical solutions, based on the models of Hutchinson and 
Suo  [7] , an estimate can be made for the value of the interface strength. However, 
due to the assumptions made in these analytical models (e.g., the numbers of layers 
and elastic material behavior), their applicability is restricted. Therefore, numerical 
models have been developed that do not suffer from these restrictions  [39] . An 
example of a two-dimensional two-layer system is depicted in Fig.  4.14 . In fact, this 
model is a local model of the compressed area in the multilayered system. Initiation 
and propagation of interface failure is modeled using the above-mentioned cohesive 
zone elements. To trigger buckling, an initial geometric imperfection has been 
inserted in the model. To validate the numerical model, a benchmark problem has 
been simulated and is reported in  [39] . It was found that the numerical model cap-
tures the buckling-driven delamination accurately.  

 This model will be used to estimate the interface work of separation and residual 
strains in the layer by comparing calculated buckle geometries with measured 
experimental values of the buckle height ( w ) and buckle width (2 b ). As was already 
remarked, the used experimental setup is a two-point bending testing device, as 
illustrated in Fig.  4.13a . Currently, the measuring of the buckle geometry is per-
formed after straightening of the specimen as it is not yet possible to accurately 
measure the buckle geometry during and after loading. Therefore, the simulations 
should take into account the history dependency of the materials that define the 
loading/unloading behavior of the specimen: the plastic behavior of the substrate is 

  Fig. 4.14    ( a ) Two-dimensional buckling delamination model and ( b ) zoom of deformed geome-
try including the delamination region. The contours indicate the damage value in the cohesive 
zone elements: a value of 1.00 corresponds to a crack       
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taken from  [36]  whereas the irreversible behavior of the cohesive zones is modeled 
according to  [21] . Furthermore, the layer is assumed to deform elastically. 

 To illustrate the effect of loading and subsequent straightening, the buckle geome-
try at loaded and straightened state is depicted in Fig.  4.15  for  t  

max
  = 100 MPa. It can 

be observed that the decrease in buckle height as a result of the straightening is rather 
significant. Furthermore, the value of  t  

max
  influences the results, caused by the fact 

that the plastic zone at the delamination front is determined by the substrate, the ITO 
layer, and the cohesive zones. It is found that higher values of  t  

max
  result in higher 

plastic strain values in the substrate due to the higher stress levels transmitted through 
the cohesive zones and a smaller buckle width. For  t  

max
  = 100 MPa, the maximum 

plastic strain is 7.5% whereas for  t  
max

  = 200 MPa, this maximum value is 32%.  
 The experimentally measured buckle width 2 b  = 3.3 µm and height  w  = 0.14 µm. 

Comparing these values with the numerically determined results, the work of sepa-
ration and total compressive strain values are  G  = 37 J m −2  and    = 1.82% (for  t  

max
  

= 100 MPa). These results are obtained with an initial imperfection length 2 b  
0
  = 2 µm. 

Thus, the developed experimental–numerical methodology enables estimation of 
the interface work of separation of thin film structures, taking into account the his-
tory-dependent material behavior and the loading–straightening conditions. 

 Future work is focused on:

   1.    The explanation of the occurring transition from straight to telephone cord buck-
ling, as reported by Abdallah et al.  [35]  (see Fig.  4.13 ). For this purpose, in analogy 
with Jensen and Sheinman  [40] , numerical models will be developed which should 
take into account the dependency of the interface toughness on the mode angle and 
the compressive stress levels, which is, besides the increasing compressive stress, 
hypothesized as being the main driver for this transition (e.g.,  [35 ,  40] ).  

   2.    Following Hutchinson et al.  [41]  and Moon et al.  [42] , the influence of the 
geometry (i.e., shape and size) of initial imperfections on the buckling-driven 
delamination behavior in our flexible multilayer systems.      

  4.3.6  ARE Application: Reliability Modeling of Cu/Low-k 
Back-End Structures  

 For the development of current and future Cu/low- k  CMOS technologies, the intro-
duction of low- k  dielectrics is a major issue due to their low stiffness and weak inter-
facial adhesion  [43] . To evaluate the structural integrity of Cu/low- k  bond pads, the 
wire pull qualification test, depicted in Fig.  4.16 , has been used extensively  [27] .  

  Fig. 4.15    Buckle geometry at the loaded state and the straightened state       
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4 Advances in Delamination Modeling 75

 To investigate the effect of different back-end designs underneath the bond pad, 
a numerical multiscale framework including the ARE criterion has been developed 
 [27 ,  28] . The wire pull model, depicted in Fig.  4.17 , consists of a bond pad with an 
aluminum layer, passivation layers, the back-end structure, the ball bond, and a 
gold wire of 25-µm diameter. The wire pull qualification test is modeled by apply-
ing a force under an angle of 20° with respect to the  z -axis in the ( x–z ) plane. The 
applied force equals 3 g, which is a typical qualification loading of such a ball bond. 
Several bond pad structures are considered as visualized in Fig.  4.18 . The layout of 
the unit cells is according to the CMOS090 design rule manual.   

 The most critical structure as well as the critical interface will be identified by 
the maximum occurring ARE values. For the structures, the following (normalized) 
maximum values are obtained: structure A: 0.86; structure B: 0.80; and structure C: 
1.00. This indicates that structure C is the least favorable one. This has been con-
firmed by experimental results. For this structure, the maximum normalized inter-
face ARE values are given in Fig.  4.19a , whereas the maximum normalized peel 

  Fig. 4.16    ( a ) Wire pull test; ( b ) and ( c ) actual bond pad delamination       

  Fig. 4.17    Symmetric wire pull model       
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stresses are given in Fig.  4.19b . According to ARE, fourth interface is the critical 
interface, whereas the peel stresses, still generally accepted as delamination crite-
rion, show hardly any difference for all interfaces. Experimental FIB/SEM observa-
tions show that interface 4 is indeed the most critical: delamination is initiated at 
this interface. From these results, we can conclude that the ARE criterion indeed 
identifies the most critical back-end structure (C) as well as the most sensitive 
interface (fourth), in contrast with stress-based values.  

 It is important to note that these failure sensitivity analyses are not feasible with 
 J -integral methods and cohesive zone models. However, in  [29] , it is proposed to 
perform local cohesive zone simulations at the most critical interface locations, 
identified by the ARE approach, from which the delamination propagation can 
indeed be analyzed.   

  4.4 Nanoscale-Based Modeling Techniques  

 As the geometry of electronic components continuously shrinks from mm to nm, 
continuum mechanics reaches the boundary of the atomic scale. From a physics 
point of view, interfacial strength is defined by physical binding, chemical bonds, 

  Fig. 4.19    Interface values for structure C: ( a ) normalized maximum ARE values and ( b ) normal-
ized maximum peel stresses       

  Fig. 4.18    Local back-end structures (hard mask, dielectrics, and top metal layer are not shown; 
one quarter of the structures is removed from the picture)       

structure A structure B structure C 

a b c
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4 Advances in Delamination Modeling 77

and mechanical interlocking. MD, which is based on statistical mechanics, is a 
promising method with the capability of modeling the time evolution of interacting 
atoms. However, large CPU times limit the applicability of MD simulations to 
approximately 100 nm. Hence, continuum models are still required. To bridge the 
gap between the continuum models and MD simulations, so-called handshaking 
methods are required. 

  4.4.1 Fundamentals of Molecular Dynamics  

 From quantum mechanics point of view, matters have dual natures: particle and 
wave. However, while the geometry of the system is large enough, the wave nature 
of individual components becomes unapparent and the system becomes deter-
mined. When the wave nature of the particle will be ignored or considered implic-
itly by the potential functions, MD exhibits high efficiency in the simulation of the 
molecules. MD, widely used in organic chemistry, is a framework for many-particle 
problems  [44] . This method assumes the atom(s) as rigid particles of which the 
movement is described by coordinate variables. The interactions between the parti-
cles are described by the potential functions (or force fields). A typical mechanical 
MD model is illustrated in Fig.  4.20 .  

 MD is based on Newton’s second law of motion,

 
r r
F m ai i i=    (4.10) 

 for each particle  i  in a system constituted by  N  particles. In ( 4.10 ),  m  
 i 
  is the mass of 

particle  i ,  
r r
a r ti i= d d2 2/   is its acceleration, and  

r
Fi   is the force acting on the particle. 

  Fig. 4.20    Mechanical molecular dynamics model       
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78 O. van der Sluis et al.

 Therefore, MD is a deterministic technique: given an initial set of positions and 
velocities, the subsequent time evolution can be determined. The interaction force 
between particles, which is required in ( 4.10 ), can be defined by potential functions 
or force fields:

 
r

r
r r

F
r

U r ri
i

N= −
∂

∂
…( , , ),1    

(4.11)
 

 where  U  is the potential function and   
r
rk   ,  k  = 1,…, N , is the atomic coordinate. 

Potentials can be categorized broadly as (1) pair potentials, (2) empirical many-
body potentials, and (3) quantum mechanical potentials. Two-body potentials – 
such as Lennard-Jones:   U r r r( ) [( / ) ( / ) ]= −4 12 6e s s    ( e  is the position with 
minimized energy and  s  is the distance where energy equals zero  [45] ) and Morse 
potentials:   U r D r r( ) {exp[ ( )] }= − − −a 0

21    ( r  
0
  is the equilibrium distance, a is the 

elastic modulus, and  D  is the cohesion energy  [46] ) – are used for large-scale simu-
lations where computational efficiency is a significant factor. A typical two-body 
potential is illustrated in Fig.  4.21 . When the distance of the two-body system is 
larger than the equilibrium distance (denoted by  r  

0
 ), the attractive energy, governed 

by Coulomb’s law, is significant. The attractive energy will fade out when the 
 distance approaches infinity. On the contrary, when the distance of the two-body 
system decreases, the repulsive energy which is governed by the Pauli exclusion 
principle will increase. Moreover, the energy approaches infinity if the distance 
approaches zero.  

 For systems where multibody interactions are important, the Stillinger–Weber 
 [47] , Tersoff  [48] , and Brenner potentials are often used. Such potentials are empirical 
in that they are parameterized by fitting either to a set of experimental measurements 
or to quantum mechanical calculations. However, large local departures from the 
coordination or bonding used for the parameterization can take such potentials outside 

  Fig. 4.21    Two-body potential function       
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4 Advances in Delamination Modeling 79

their domain of validity and lead to unreliable results. This has fostered efforts for 
deriving interatomic potentials directly from quantum mechanical principles. 

 Equation ( 4.10 ) represents the system at specific time  t . To understand the inter-
action of the particle and the mechanical response, a method regarding the time 
integration should be used. The most common time integration algorithms are 
based on finite difference methods. Two popular integration methods for MD are 
the Verlet and predictor–corrector algorithms  [49 ,  50] . The integration time step 
must be small enough to capture the dynamics of the vibration modes of the system, 
with frequencies in the order of 10 13  s −1 . Each particle which is described by MD 
has three degrees of freedom, which can be either fixed or free. For a system with 
billions of particles, periodic boundary conditions (PBC)  [44]  can be used to reduce 
the computational effort. 

 The initial conditions of the MD simulation include the definition of initial coor-
dinates and velocities of particles in the system. The coordinates can be obtained 
from stoichiochemistry, measured by experiments or ab initio computational meth-
ods. The initial velocity can be defined by the temperature, which is directly related 
to the kinetic energy by the equipartition formula   K Nk T= 1 5. B   , where  N  is the 
number of particles and  k  

B
  is a Boltzmann’s constant. The summation of the kinetic 

energy of each particle in the system obeys the equipartition formula. Moreover, the 
centroid velocity equals the given system velocity or zero if the system is at rest. 

 In principle, MD is based on the theory of classical mechanics while considering 
the interaction between atoms. MD can be applied when the wave nature can be 
ignored or represented implicitly. A simple test of the validity of the classical 
approximation is based on the de Broglie thermal wavelength, which is given by

 Λ =
2 2ph

Mk TB

,    (4.12)  

where  M  is the atomic mass and  h  is a Plank’s constant. If   Λ a   , where  a  is the 
nearest neighbor separation, the assumption of the classical approach is satisfied. 
However, for very light systems, like H 

2
 , He, Li, or a system with sufficiently low 

temperature, the criterion is not satisfied and hence, quantum effects will become 
important. Hence, MD is not recommended to simulate these systems.  

  4.4.2 Nanoscale Interface Adhesion  

 Consider a system with an interface and a set of external loading applied onto that 
system. Assume that interfacial failure is observed by experiments. Therefore, 
according to the conservation of the total energy of the system, the work which is 
done by the external loading will equal the summation of material deformation 
energy, heat, and surface energy (intrinsic adhesion) of the interface  [4] . The intrin-
sic adhesion of the interface consists of three potential contributors: chemical 
interaction, physical interaction, and mechanical interlocking. 
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80 O. van der Sluis et al.

  Chemical interactions . The chemical interactions between the interfaces often 
refer to the covalent bond, ionic bond, or the metallic bond. These bonds are rela-
tively strong and termed primary bonds. Ionic bonds in salts form as a result of 
electron transfers and the covalent bonds form as sharing electrons. In a metal, the 
valency electron of the atoms would form an electron sea (also called electron gel) 
which is around the atoms, and the atoms “sink” into the sea. However, in elec-
tronic or packaging laminated structures, the most common chemical interaction at 
the interface is the covalent bond besides the alloy system. The interaction scale of 
the chemical interaction is approximately 0.2–1.0 nm. As an example, consider the 
interface between SiO 

2
  and SiOC(H) film (low- k  material): SiO 

2
  is deposited onto 

the SiOC(H) film by PECVD at O 
2
  atmosphere and 200–400°C with a precursor of 

TEOS (tetra-ethyl-ortho-silicate, R–Si–R, where R equals–O–CH 
2
 –CH 

3
 ). Due to 

the fact that the processing temperature is sufficiently high and plasma is applied, 
the methyl group (CH 

3
 ) at the surface of the SiOC(H) will vaporize and is substi-

tuted by oxygen. As a result, the silicon–oxygen bond is formed at the interface. 
Hence, the interfacial strengths of SiOC(H)–SiCN and SiO 

2
 –SiOC(H) are stronger 

than the one of Ta/TaN–SiOC(H)  [51] . 
  Physical interactions . The physical interaction often refers to the weak bonds 

between the interfaces, like the Coulomb force or van der Waals force. Although 
the magnitude of the physical interaction is weaker than the one of the chemical 
bond, it can be formed at most interfaces whereas chemical interaction requires 
certain chemical conditions to be formed. The scale of the physical interaction is 
approximately 5–10 nm. Moreover, considering a polymer interface system, two 
chained polymers can entangle together when the polymer chains have enough 
energy to move through the interface which contributes to the interfacial strength. 

  Mechanical interlocking . At the macroscopic scale, mechanical interlocking 
can be applied (cf. surface treatments applied to metals) to increase the surface 
roughness and to increase the adhesion strength. The pattern and distribution of 
the surface roughness is controlled by the processes and materials  [52] . Strictly 
speaking, mechanical interlocking does not belong to the intrinsic material adhe-
sion mechanisms. 

 To further explain the potential of the MD method, three application cases are 
described.  

  4.4.3  Application: Predictions of Silica and Amorphous 
Nanostructure Material Properties  

 It is known that the mechanical characteristics of nanoscaled structures differ from 
the ones of bulk-scaled structures  [53] . These mechanical characteristics are diffi-
cult to measure directly due to the limitations of nanoscale experimental techniques. 
Alternatively, MD methods are often used to describe the physical response of 
nanoscaled materials and will be applied here to demonstrate the prediction of the 
mechanical stiffness. 
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4 Advances in Delamination Modeling 81

 The nanoscaled specimens are simulated by MD with an additional energy mini-
mization procedure. Due to the assumed small deformation assumption in elasticity 
theory  [54] , the longitudinal elongation should be less than 1.0%. Moreover, based 
on St. Venant’s principle, a model with high aspect ratio is required to prevent 
boundary effects, as illustrated in Fig.  4.22 . The loading and boundary conditions 
are applied in longitudinal direction.  

 The reaction forces   
r
Fi    ( i  represents the  i th substep) at the fixed end (Fig.  4.22b ) 

can be extracted by the total energy gradient:

 
r r r r r
∇ = + + =U F i F j F k Fi

x
i

y
i

z
i

ifixed end ,    (4.13)  

where   i
→

  ,   
r
j   , and   k

®
   represent three orthogonal vectors. 

 According to linear elasticity theory  [54] , the mechanical deformation of the one-
dimensional bar can be represented as   ∆d FL EA= /   , where  F ,  E ,  L , and  A   represent 
the external mechanical force, Young’s modulus, length, and cross-sectional area of 
the specimen, respectively. Accordingly, we can obtain Young’s modulus by

 E
F

d

L

A
A V L

ij

ij
= =

∆
∆

0
0 0

avg
avg, / ,    (4.14) 

 where   ∆F F Fij j i= −   ,  j  >  i , and   ∆d d dij j i= −    , j  >  i ,  V  
0
  and  L  

0
  are the initial volume 

and initial length, respectively. 
 This method has been applied to calculate the properties of a silicon molecule. 

The model comprises 2,688 Si atoms having a volume of 58.3 nm 3 . The Young’s 
modulus is determined as 130 GPa. The density is calculated as the ratio of the 
atomic mass and molecular volume, resulting in 2.5 g cm −3 . 

 For an amorphous and/or porous material, the above-mentioned method can also be 
used when the chemical structure of the molecule is generated. There are several meth-
ods to predict the chemical structure. One can simulate the whole fabrication process 
of the amorphous material. Another method is to generate an approximate structure 
based on measured chemical information; this method composes the following steps:

  •  Assume that the material consists of several basic building blocks.  
 •  Obtain the ratio of the building blocks by experimental methods (e.g., nuclear 

magnetic resonance, NMR).  

  Fig. 4.22    Bar model: ( a ) the model of silicon and ( b ) illustration of the loading/boundary condition       
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82 O. van der Sluis et al.

 •  Locate the building blocks into a predefined framework with the distribution 
ratio obtained by the experiment.  

 •  Apply the geometrical optimization method to the molecular topology from 
which an approximate amorphous molecular model is obtained.    

 One example is the amorphous SiOC(H) material. As feature sizes for advanced IC 
structures continue to decrease, the semiconductor industry is focusing on technol-
ogies to minimize the intrinsic time delay for signal propagation, quantified by the 
resistance–capacitance (RC) delay. The increasing demands for the electronic per-
formance of the IC wiring have recently driven the replacement from aluminum to 
copper traces, and the alternative materials for SiO 

2
  film with lower dielectric con-

stant  [4 ,  55] . SiOC(H), also called black diamond (BD), is favored by the industry 
because the fabrication process of BD is highly compatible to existing IC processes. 
From the chemical structure of BD (Fig.  4.23a ), four basic building blocks of BD 

  Fig. 4.23    SiOC(H): ( a ) chemical structure and ( b ) basic building blocks Q, D, T, and M       
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  Fig. 4.24    SiOC(H) model: ( a ) topology of BD, ( b ) ideal topology, and ( c ) the calculated sensitivity 
of the building blocks Q, T, D, and void       

E
qu

iv
al

en
t

Y
ou

ng
's

 m
od

ul
us

 (
G

P
a)

 

 

E
qu

iv
al

en
t

 D
en

si
ty

 (
g/

cm
3 ) 

Q T D
0

10
20
30
40
50
60
70

3.0
2.5
2.0
1.5
1.0
0.5
0.0

Q T D

cba

Morris_Ch04.indd   82Morris_Ch04.indd   82 9/29/2008   8:06:59 PM9/29/2008   8:06:59 PM



4 Advances in Delamination Modeling 83

can be defined, as illustrated in Fig.  4.23b . Because BD is modified from SiO 
2
 , this 

framework is assumed. The size of the voids is similar to a building block which is 
confirmed by experiments. Based on NMR results  [55] , the Q, T, D, M, and void 
are distributed into the silicon dioxide framework as the ratio of 20, 50, 18, 2, and 
10%, respectively.  

 Consequently, the molecular topology of BD is obtained (Fig.  4.24a ). Hence, an 
approximate stereochemical structure is acquired after the geometrical optimization 
process (Fig.  4.24b ). The MD computation results in the sensitivity of each building 
block on the overall Young’s modulus of BD (see Fig.  4.24c ).   

  4.4.4  Application: MD Simulation of an Organic Oligomer 
on a SilicaSubstrate  

 Two different interfaces are considered: an inorganic molecule on silica and an 
organic molecule on silica. Figure  4.25  shows a MD simulation of the adhesion 
problem  [56 ,  57] . The simulation reveals that the adhesion energy of inorganic 
molecules is higher than in organic molecules. The simulation reveals that the peak 
adhesion energy of inorganic molecules is higher than in organic molecules but the 
decay of the inorganic adhesion energy is faster.  

 Figure  4.26  shows a simulation on the interface between amorphous silica and 
BD. The simulation results indicate that the delamination does not always result in 

  Fig. 4.25    Adhesion of inorganic and organic polymer on silica ( a ), ( b ) shows the organic and 
inorganic molecule on the silicon, and ( c ) shows the adhesion energy of organic and inorganic 
molecule  [57]  (with permission)       
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broken covalent bonds at the interface. Instead, the failure manifests itself as multi-
ple crack propagation paths.   

  4.4.5 Application: Interfacial Strength of Polymer–Metal  

 For metal and epoxy interfacial systems, the oxidation of the metal might also play 
an important role. The oxidized aluminum substrate Al 

2
 O 

3
  on the surface may 

transfer to boehmite (AlOOH) or bayerite (Al(OH) 
3
 ) when exposed to oxygen-

containing environments, such as O 
2
 , H 

2
 O, CO 

2
 , etc.  [58] . The hydroxyl-rich layer 

of the Al substrate will chemically react with epoxy to form chemical bonding. 
Figure  4.27  demonstrates a molecular simulation on the effect of hydration. The 
simulation results reveal that the bonding energy densities with and without the 
chemical bond (–OH) are 1 and 3.5 J m −2   [58] .    

  4.5  Outlook: Handshaking Between Continuum 
and Nanoscaled Methods  

 Continuum and nanoscale techniques perform very well at their particular applica-
tion scale, dictated by the successive elimination of the original degrees of freedom. 
While wave nature is not apparent but atomistic resolution is still necessary, molec-
ular dynamics offers many computational advantages over a full density functional 
calculation. Continuum equations provide a reduced description in terms of  continuous 

  Fig. 4.26    Simulated crack propagation ( dashed lines ) through the interface ( solid line ). Points A, 
B, and C are the initial crack locations and point D indicates a pore within the low- k  material       
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fields for the coarse-grained evolution of the system. Delamination in micro/ 
nanoelectronics is a multiscale problem in nature. Regarding  an interface at the 
molecular level, three main contributors to its strength are (1) chemical interaction, 
(2) physical interaction, and (3) mechanical interlocking. The chemical interactions 
refer to the strong bonds, such as covalent bond and metallic bond, formed at the 
interface. The physical interactions are the weak bonds, such as van der Waals force 
and hydrogen bonds. The mechanical interlocking occurs due to the fact that the 
materials lock each other due to their roughness. The chemical and physical inter-
actions regard to the atomic structure and binding characteristics with the interac-
tion distance approximately 1–10 nm. These two phenomena can be simulated by 
MD. However, the geometrical scale of roughness is approximately 10–100 nm, 
and consequently, MD is not an efficient method for this roughness problem due to 
the computational time limitation. Therefore, multiscale modeling techniques 
which combine MD and FEM are required. 

 The fundamental tenet of multiscale modeling is that information at each scale 
is systematically incorporated in a manner that transcends the single-scale descrip-
tion. There are two basic strategies to achieve this goal: the global–local method 
and the hybrid method. In the global–local approach  [59] , information from a cal-
culation over particular length and time scales is used as input into a more coarse-
grained method. This approach presumes that the phenomenon of interest can be 
separated into processes that operate at distinct length and time scales, as stated in 
St. Venant’s principle. In hybrid multiscale modeling  [60 ,  61] , these disparate 
scales are combined within a single hybrid scheme, typically involving atomistic 
and continuum calculations. The main theoretical challenge is to merge the two 
descriptions in a manner that avoids any spurious effects due to this heterogeneity. 
This approach is well suited to the simulation of fracture, where the complex feed-
back between the atomic-scale interactions and macroscopic stresses pre-empts a 
clear-cut separation of scales. 

CH3

Al

OH OHOHOH O

C=O

O

C

O

C=OO=C

Hydroxyl-
rich layer

ba

  Fig. 4.27    Simulation of the oxidation of the metal layer: ( a ) illustration of the model and ( b ) 
molecular model of sites reactable with OH  [52 ,  58]  (with permission)       
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 To handshake between FEM and MD, three main challenges can be identified: 
  Simulations at finite temperature . Many of the methods which are described are 

confined to zero temperature, wherein the basic quantity is a Hamiltonian for the 
system expressed in terms of the appropriate degrees of freedom. In principle, 
Hamiltonian methods can be extended to equilibrium at finite temperatures by 
using the free energy, but inherently nonequilibrium situations are fundamentally 
different and a general approach is not clear. The temperature (energy level) change 
of the atomic system due to application of the external loading (external energy) 
might influence the potential functions, especially the specific temperatures of 
which could change the physical state of the molecules. 

  Time scales accessible by means of molecular dynamics . The bottleneck of the 
macroscopic time simulations remains because of the small time step in the classi-
cal and quantum molecular dynamics. While this may be sidestepped in certain 
applications, and acceleration strategies are available for particular situations, a 
general acceleration methodology would have revolutionary implications that 
would stretch across many disciplines. Theoretically speaking, two candidate tech-
niques could resolve this issue with lack of the particular accuracy. One is to apply 
a faster loading speed, which is often 100–10,000 times faster than the real loading, 
onto the system to reduce the total simulation. However, the characteristics of the 
stress/strain wave propagation would be different from the slower one. Second one 

  Fig. 4.28    Handshaking between continuum- and nanoscale techniques       
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is to use a heavier atomic group to replace the independent atoms. The clustered 
atomic group often contains 10–1,000 atoms, and the atomic groups are assumed 
as rigid body or homogeneous deformable bodies. However, the mechanical infor-
mation inside the clustered atomic groups could not be achieved. 

  Wave propagation across atomistic/continuum interfaces . In methods with a 
specific interface between atomistically resolved and (finite element) continuum 
regions, high frequency modes emanating from the molecular region must be 
accommodated by the continuum region. For example, in the hybrid method of the 
molecular dynamics and the finite element method, the critical region would be 
modeled as molecular dynamics and the rest are the finite element methods. To 
efficiently reduce the computation time, the mesh density of the finite element area 
would be much coarser than the one in the molecular dynamics area. However, the 
finite elements are unable to resolve the small wavelengths which are generated by 
the atomistic region. Therefore, the high frequency response from the atomistic 
region would bounce back to the atomistic region, and this could lead to spurious 
results or the critical region. 

 To illustrate the handshaking approach, an overview of several modeling meth-
ods and their respective scales of applicability is given in Fig.  4.28 .   

  4.6 Conclusion  

 Due to the rapid development of micro/nanoelectronic technology (e.g., mems), 
structures are approaching submicron and nanoscales. To design a reliable structure 
with low cost, one should understand the crack initiation and propagation as a func-
tion of chemical composition, fabrication process, and/or temperature and moisture 
conditions. However, due to the experimental techniques currently available, the 
interface properties, such as mode angle, energy release rate ( G ) or stress intensity 
factor ( K ), cannot be obtained efficiently. Hence, a numerical model, which is vali-
dated by the experimental results and has the capability to predict the mode angle, 
 G  or  K , is required. 

 To understand/predict the initiation and propagation of delamination, handshak-
ing between continuum-scale FEM simulations and MD methods is a promising 
and challenging way. The influence scales of the three main contributors (chemical 
interaction, physical interaction, and mechanical interlocking) are approximately 
0.5, 10, and 100 nm, respectively. Continuum-scale failure models, like fracture 
mechanics, cohesive zones, and the area release method, are applicable from 
approximately 500 µm onward. However, for reasons of computational efficiency, 
handshaking can only be obtained by using multiscale simulation schemes. 

 There is an enormous challenge to predict the initiation and propagation of an 
interfacial system at the nanoscale range, due to:

  –   Defects of material and interface . The fabrication process of material and inter-
face (e.g., deposition, curing, and plating) will cause the defects (e.g., point 
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defect, dislocation or grain boundary). Theoretically speaking, these distribution 
patterns of def1ects should be carefully measured to represent the mechanical 
response of the material in reality. These patterns can be material and process 
dependent, and it is sometimes difficult to measure, especially at the interface.  

 –   Lack of sufficient force field . The potential functions (force fields) currently 
available are obtained for the material and they can perform well in the predic-
tion of the material. However, there are few force fields which are designed for 
the interfacial mechanism.  

 –   Lack of robust multiscale modeling technique . Using MD to simulate the rough-
ness scale (~100 nm) results in large computation time. On the contrary, using 
continuum-based method, it is hard to describe the chemical/physical interaction 
at the interface.  

 –   Lack of the exact chemical configuration of the interface . Regardless of the 
mechanical interlocking, the magnitude of chemical bond strength is much higher 
than the physical bond. Therefore, the ratio of chemical bonds at the interface can 
influence the total interfacial strength and can depend on the surface treatment, 
process, material, etc. This ratio is difficult to characterize experimentally.         
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   Chapter 5   
 Nanoparticle Properties       

     James E.   Morris       

  5.1 Introduction  

 As the radius  r  of a spherical particle shrinks, the surface/volume ratio 3/ r  and the 
proportion of its constituent atoms at the surface both increase. The stable interatomic 
bonding arrangements which exist within large crystals are not satisfied for surface 
atoms, which therefore become more mobile and more reactive, and  nanoparticle 
properties become dominated by surface properties. 

 The nanoparticles discussed below will all be metallic, but most of the phenomena 
described will also apply to nonmetallic materials. They will appear in three 
contexts:

   1.    In an aqueous environment  [1]   
   2.    In a “cermet” (i.e., in a two-phase ceramic–metal  [2]  or polymer–metal  [3]  

mixture)  
   3.    On an insulating substrate surface, as a discontinuous (island) metal thin film 

(DMTF) array of nanoparticles  [4]      

 In the first two cases, the nanoparticles are usually modeled as spherical, but shape 
becomes an issue for the DMTF. 

 Classical nucleation theory covers the initial formation and growth of the 
nanoparticles, but the predicted critical nucleus sizes (beyond which the nuclei can 
grow as stable units) in the sub-nm range are clearly inconsistent with the classical 
model’s use of bulk thermodynamic properties. For nuclei containing only a few 
atoms, as is typically the case in all these systems, the “atomistic” nucleation theory 
is necessary  [5] .  

J.E. Morris
 Department of Electrical & Computer Engineering,   Portland State University  , P.O. Box 751,   Portland , 
 OR,   97207-0751,   USA  

J.E. Morris (ed.) Nanopackaging: Nanotechnologies and Electronics Packaging, 93
DOI: 10.1007/978-0-387-47326-0_5, © Springer Science + Business Media, LLC 2008

Morris_Ch05.indd   93Morris_Ch05.indd   93 9/29/2008   8:07:04 PM9/29/2008   8:07:04 PM



94 J.E. Morris

  5.2 Structure  

 Nanoparticles can exist as perfect crystals, since impurities and lattice defects alike 
can migrate to the surface in relatively short times. Debye–Scherrer broadening of 
electron diffraction rings provides a means of determining nanocrystallite sizes, 
with their radii giving lattice spacings. The weakening of the internal lattice struc-
ture at finite sizes leads to contraction ∆ d  of lattice spacings  d :
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due to surface tension  a , where  b  is the (anisotropic) linear compressibility  [6] . 
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where  A  is a constant  [6] . (A counter effect of lattice parameter increase with 
decreasing size has also been reported  [7] .) 

 In the absence of any other information, nanoparticles in cermets and aqueous 
suspensions are usually assumed to be spherical, at concentrations sufficiently 
below the percolation threshold that particle contacts and coalescence can be 
ignored. (The percolation threshold is the minimum concentration for metallic 
electrical conduction through the medium.) However, in liquid environments 
 anyway, the size  [1]  and shape (i.e., spheres, cubes, or rods  [8] ) of the nanoparticles 
can be controlled by varying the precipitation conditions. 

 In the absence of other considerations, the minimum energy configuration for 
a nanoparticle with bulk and surface energies would be a sphere, but the equilibrium 
minimum energy shape of a charged particle is actually an ellipsoid of rotation  [9] . 
Looking through a DMTF, the nanoparticle islands appear to be slightly prolate in 
shape  [10] . However, it is well established that the island size varies during DMTF 
deposition as  r  2  proportional to time (or deposited mass) not  r  3  as expected for 
quasispherical growth  [11] . So, the dominant particle shape is oblate, with possible 
causes being electrostatic, as mentioned above, or substrate adatom capture with 
insufficient thermal energy to reach a spherical equilibrium. 

 Another factor in the nanoparticle’s shape may be its degree of crystallization, 
and the relatively weak binding of the surface atoms in particular permits rapid motion 
and continual abrupt crystallographic reconstructions of 1–10nm  nanoparticles on 
a time scale of seconds  [12 ,  13] , with the relative stabilities of different crystallographic 
forms determined by the bulk and surface energies  [14 ,  15] . 
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 The relatively rare electron micrographs of nanoparticle islands from the side 
 [16]  show that they are neither spherical nor hemispherical, as often assumed in 
simplistic models. For most metals on insulators, the contact angle  q  is greater than 
90° and can be reasonably calculated from bulk surface energies  s  

sv
 ,  s  

sc
 , and  s  

cv
 , 

where s, v, and c refer to substrate, vapor, and condensate, by

 σ σ σsv sc cv= + cosq    

giving  q  ≈ 136° for Au on glass, in good agreement with observation  [4] .  

  5.3 Electrical Properties  

 If the surface atoms are characterized by incompletely satisfied “dangling” chemical 
bonds, and the surface can be considered to be disordered, then this disorder 
extends into the crystal interior as dimensions decrease. If metallic conductivity is 
associated with the band structure of a regular crystal, the question arises as to 
whether metallic properties can be maintained at nanoscale dimensions. It has been 
shown for Pd that metallic properties persist at room temperature down to a cluster 
size of about 12 atoms (≤1-nm diameter), with the metal–insulator transition occur-
ring at smaller sizes as the temperature goes up (Fig.  5.1 )  [17] . Kreibig  [18]  applied 
a different criterion, the experimental observations of dielectric absorption in glass 
containing Ag or Au nanoparticles, to conclude that the “cluster–solid state” transition 
occurs at ∼500 atoms/particle (i.e., ∼2.5-nm diameter).  

  Fig. 5.1    Metallic–insulator transition as a function of number of atoms and temperature. 
Calculations were based on tight-binding (TB), pseudopotential (SIESTA), and simpler (square 
band) models  [17]  (with permission)       
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 The nanoparticle Fermi energy varies with size, leading to increasing work 
 function  j  as dimensions shrink

 
j jr

B

r
( ) = ( ) +∞

  

 where  B  is a constant  [19] , e.g., a shift from 4.50 to 4.53 eV for a 10-nm radius  W  
nanoparticle  [20] . At very small sizes, the work function changes fluctuate due to 
the changes in finite small numbers of surface atoms  [21] .  

  5.4 Catalysts  

 Catalysts are used to speed up chemical reactions, typically by one of two mecha-
nisms  [22] :

   1.    The provision of a new reaction path of lower activation energy  
   2.    The provision of a surface to which the chemical reactants can adhere and react 

more readily than, for example, in the gas phase     

 The rapid advances of nanotechnologies have spawned many new innovations in 
nanoparticle catalysts, including their application in biomedical applications  [23] , 
as “seeds” for the vapor–liquid–solid (VLS) growth process in chemical vapor 
deposition (CVD) of both carbon nanotubes (CNTs)  [24]  and nanowires  [25 ,  26] , 
and the use of carbon nanoparticles and CNTs as support structures for nanoparticle 
catalysts  [27] , ensuring maximum active surface exposure.  

  5.5 Melting Point Depression  

 At small sizes, nanoparticles may melt at temperatures significantly below the bulk 
melting point (MP)  [28 –32], due to increasing surface energy at small sizes  [28] . 
This phenomenon has been studied for decades, along with the parallel rapid evapo-
ration of such nanoparticles due to their increased vapor pressure at high surface 
curvatures [33] . An example plot is shown in Fig.  5.2   [29] , for three different met-
als, illustrating that a unified theory may be possible and that significant reductions 
require nanoparticle dimensions of ∼5 nm or less.  

 Different electron microscopy techniques have been used to determine the MP. 
Sambles  [29] , for example, monitored the evaporation of small particles at controlled 
temperatures and noted the size when the evaporation rate changed, interpreting 
this as the melting point. Others have noted the transition from sharp to diffuse 
electron diffraction rings  [34] , or the loss of diffraction ring intensity  [35] . Allen 
et al.  [34]  used dark-field images, interpreting the disappearance of the image as the 
melting point. One might also look for the disappearance of crystal facets to indicate 
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melting, but the method fails at small sizes when solid particles may not exhibit 
faceting  [34] . Comparisons of dark-field and bright-field images reveal a two-step 
melting process, with the abrupt appearance at the “solidus” temperature of a sur-
face liquid sheath, surrounding a solid crystalline core which shrinks as the tem-
perature continues to increase, until it disappears abruptly at the higher “liquidus” 
temperature  [36] . 

 To a first order, the MP  T  
M

  for particle of radius  r  may be related to the bulk 
value  T  ∞  by an empirical, experimental equation  [34 ,  37] :

 

T

T

r

r
M

∞

= −1 0 ,
   

where  r  
0
  is interpreted as the limiting radius for which the particle remains liquid at 

0 K  [38] . The two dominant approaches to the theory are the thermodynamic  [34 ,  35 , 
 39 – 41]  and the “surface layer” model  [37 ,  42] , compared in  [38] . In general, the ther-
modynamic models vary in the formulae for  r  

0
  (although one  [40]  suggests the form 

T TM r r/ [ / ]∞ = −1 0
2 ). The existence of a liquid-like shell on the nanoparticle has 

been demonstrated  [42] , and a good match of theory to experiment can be obtained 
by adjustment of the unknown layer thickness  t  

0
  to an equation of the form  [42] :   

  Fig. 5.2    Experimental melting point depression for Au, Sn, and Pb, normalized to the bulk melting 
points  [29]  (with permission)       
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where  A ,  B , and  C  are thermodynamic constants. The two-step melting process 
leads to complexities in alloy systems, due to compositional phase changes  [36] . 

 The high MPs of no-Pb solders lead to higher thermomechanical stresses than 
for conventional eutectic Sn–Pb solder, and melting point depression may be one 
mechanism to reduce the process temperatures and thermomechanical failure rates. 
The MP of Sn–Ag alloy, for example, has been shown to be reduced from 222 to 
193°C for 5-nm radius particles  [43] .  

  5.6 Sintering  

 The three mechanisms of coalescence of adjacent nanoparticles are shown in Fig. 
 5.3   [44] . “Ostwald ripening” results from the fact that the equilibrium rate of atomic 
“escape” for nanoparticles is inversely proportional to the radius of curvature. So for 
two adjacent particles of unequal size as shown in Fig.  5.3a , the rate of atomic 

  Fig. 5.3    Coalescence of nanoparticle “islands,” due to ( a ) Ostwald ripening, ( b ) sintering, and 
( c ) cluster migration  [44]  (with permission)       
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escape from particle 2 exceeds that from particle 1, resulting in net growth of parti-
cle 1 at the expense of the smaller particle 2. Clusters may also migrate freely about 
a surface (or in other environments) with thermal energy, and may collide and coa-
lesce with other similar clusters (Fig.  5.3c ). It has been suggested that the driving 
force behind such coalescences may be electrostatic, due to random polarizations 
of the particles. 

 In this section, we are primarily concerned with sintering, as illustrated in Fig. 
 5.3b . The process is dependent upon the local radius of curvature, as

 

X

r
A T E

n

m
= ( ) ,

   

where  A ( T ) is a temperature-dependent constant,  t  is the time, and  n  = 7 and 
 m  = 3 for surface diffusion. The sintering process has been modeled by molecular 
dynamics  [45] . 

 Sintering is an essential step in effective use of nanoparticles to enhance conduc-
tivities of isotropic conductive adhesives (ICAs), and in the application of ink-jettable 
conductive connectors in flexible electronics  [46 ,  47] .  

  5.7 Mechanical Properties  

 The effects of nanoscale particulates on the mechanical properties of thin films 
have been well studied  [48 ,  49]  and generally improve as film thicknesses and 
particulate sizes decrease. At an elementary level, one can consider the improve-
ment to be due to the relative lack of grain boundaries and defects in nanocrystals 
 [50] . For metallic thin films, for example, yield strength is proportional to  r   −1/2  (the 
Hall–Pecht relation)  [48]  and granular cermets display discontinuities in mechani-
cal properties at the percolation threshold, with increased hardness figures 
observed for discrete particulate structures  [49] . The different behaviors above and 
below percolation are due to the ability of dislocations to move along continuous 
metallic percolation paths above the threshold, whereas they are confined to the 
nanoparticles below  [49] . 

 In new applications, however, and for the effective modeling of nanocomposites 
at the nanoscale, the mechanical properties of the nanoparticles themselves must 
be known. The physical problems in making such measurements on individual 
nm-scale particles will be obvious, but progress is being made. A theoretical basis 
for the increase of Young’s modulus, compressibility, etc., of nanodimension 
materials has been established  [51]  and shows that the dramatic increases in such 
properties begin (for Cu as an example) at 20 nm, accelerating below about 5 nm. 

 Direct measurement of the hardness of individual Si nanoparticles of radii 20–50 
nm gives values around five times the bulk value for the smaller sizes, increasing 
with successive measurements as dislocations accumulate within the particles  [52] .  
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  5.8 Coulomb Block  

 The energy of a charged conducting spherical particle of radius  r  is

 
∆E

q

r
=

2

4

1

pe
,
   

where  q  is the charge and  D  is the effective dielectric constant of the surrounding 
medium, D E  being the work done in removing charge − q  from the initially neutral 
sphere to infinity. If the charge only needs to be removed to distance  s  from the 
sphere, e.g., to a contact or adjacent particle “island,” the work done is reduced 
(Fig.  5.4 ) to  [4 ,  53] 

 
∆E

q

r r s
= −

+
⎡
⎣⎢

⎤
⎦⎥

2

4

1 1

pe
.
   

 In an assembly of  N  ∞  nanoparticles, Maxwell-Boltzmann (MB) statistics predict 
that  n  particles will be charged, where  [4 ,  53] 

  Fig. 5.4    Electrostatic charging energy ∆ E  as a function of island radius  r . The three clusters of lines 
correspond to  ε  

 r 
  = 1 ( top ), 2, and 4. Within each cluster, the four lines correspond to gap width, 

 s  = 1 ( bottom ), 2, 5,…∞ nm. Thermal energy  kT  is shown for comparison at  T  = 4, 77, and 300 K  [54]        
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n N

E

kT
= −∞ exp .

∆

   

Similarly, a single nanoparticle would be randomly thermally charged for a 
 proportion exp(−∆ E / kT ) of the time  [54 ,  55] . 

 The thermal charging energy is reduced by the application of an electric field  F  
 [56] , which can supply part of the energy required (Fig.  5.5 )  [54] . At sufficiently 
high fields, the electrostatic “barrier” may disappear entirely, and this is the condi-
tion typically quoted for conduction to occur through a “coulomb blockade,” con-
sisting of a conducting nanoisland between source and drain terminals, at 
separations sufficiently small for electron tunneling to occur. At 0 K, the abrupt 
threshold voltage is at  V  = ∆ E / q , but at finite temperatures the  I–V  characteristics 
are rounded, due to thermal charging effects, until all nonlinearity vanishes when 
 T  ∼ ∆ E / k . (These effects may be seen in Figs. 8.15 and 8.16.)  

 In practice, as mentioned above, small metallic islands on an insulating substrate 
are oblate ellipsoids of eccentricity  e , and the charging energies must be modified 
(writing  R  = 2 r  +  s  and  p  =  s / R ) to  [57] :

  •  For 

  

F F q R p p p e p

E q C q

< = + + − −

= =

− −
min

/( / ) ( ) [( ) ( ) ]

/ (

,2 1 2 2 2 1 2

2

4 4 1 1 1pe 

∆ 22 1 14 2 1 1 1/ )( / )[sin sin ( ( ) / ( ))] / ( )pe R e e e p p p qRF− −− − + − −      

  Fig. 5.5    Electrostatic charging energy for island of radius  r . The composite function D E ( x ) −  qFx  
develops a maximum at high fields, where D E ( x ) =  q  2 /4 pεx   [54]        

x
0

r r+ s

E ( x )

-q Fx
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•  For

   F F F q R p p emin max
/( / ) ( ) ( ) ,< < = − −− −2 2 2 1 24 4 1 1pe  

 ∆  E q R e e e p R p R x p= − − − + −− −( / )( / )[sin sin ( ( ) / (( ) ))] / (2 1 14 2 1 1 2 1pe )) / ,− qFx p   

where 

       
x p qp F p R e e= − − + + − −1

2
1 2 1 1 1 22 2 2 2 1 2 1 2 1Re( ){[([{ / ( ) } ] ) / ] }/ /πε

.     

 •  D E  = 0 for  F  >  F  
max

 .    

Conduction across an assembly of nanoparticles takes place by electron 
 tunneling  [4] , which leads to thermally activated conduction of the form

 σ σ ∆= −0
1exp [ / ] ,/E kT n

 

 where 1 ≤  n  ≤ 3  [4] . The MB distribution of charged islands is swamped by injected 
charge, which sets up a space charge distribution and a nonlinear field distribution 
across the film  [58 – 60] . The resistance of such films is sensitive to environmental 
gases, which modulate the metallic work function, and hence the tunneling barrier 
 [61 ,  62] . The Pd/H 

2
  combination is unique, in that the dissolution of  H  

2
  in the Pd 

lattice changes the tunneling barrier width as well as height  [63 – 65] . Applied stress 
will change the tunneling gap width, too, leading to a very high gage factor, which 
is linear in  s  until the stress also affects D E   [66] . Polarization or ion drift in the 
DMTF substrate  [67]  (or cermet insulator  [3] ) can lead to long-term drift in the 
characteristics and residual currents or hysteresis effects. Islands evolve slowly 
toward their thermal equilibrium shapes by surface self-diffusion, also causing 
long-term drift in the electrical properties  [68] . And, as a material with a negative 
temperature coefficient, island films and cermets are subject to thermal runaway, 
which can lead to thermal switching  [69] . Reproducible switching has also been 
observed in such films  [3] .  

  5.9 Diffusion  

 Metal atoms may diffuse into the insulating phase from metal-to-ceramic/polymer 
interfaces, creating a localized “cermet” phase. A proportion of the migrating atoms 
may nucleate into stable nanoparticles that still diffuse away from the interface, but 
at a much reduced rate  [70 – 73] .  

  5.10 Optical Properties  

 The existence of a structure-dependent optical absorption peak in discontinuous 
thin metal films and other nanoparticle aggregates is well documented, with many 
papers in the research literature  [74 ,  75] . The colors of Ag aggregates in solution 
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can change from yellow to blue with nanoparticle shape changes or solution pH 
variation  [76] , and discontinuous Au films can change from blue to green to 
magenta as the structure changes with thermal annealing  [77] . These effects are 
unlikely to impinge upon electronics packaging unless possibly with optical inter-
connect systems, but are included here to make the point that nanotechnologies 
have been with us for a long time and that a full appreciation of their historical 
context goes back to Faraday  [78]  and Rayleigh  [79] , who correctly attributed the 
colors of gold glass, gold leaf, and aqueous suspensions to the nanoparticle dimen-
sions in the 1800s. The formal theory was first developed by Maxwell Garnett 
(MG)  [80 ,  81]  and Mie  [82]  in terms of electron resonances in spherical metal nan-
oparticles in the 1900s, with contributions by Bruggeman  [83]  and David  [84]  in 
the 1930s, and by Schopper  [85]  in 1951, before effective medium approaches  [86]  
gained ground in the 1970s. 

 Yamaguchi et al.  [87]  and Niklasson and Craighead  [88]  both showed that better 
agreement between experiment and theory was possible by treating the discontinu-
ous thin film nanoparticles as oblate spheroids (with the minor axis perpendicular 
to the substrate) rather than as spheres. Norrman et al.  [89 ,  90]  similarly modified 
the MG theory for prolate spheroids (with the major axis parallel to the substrate), 
while Granqvist and Hunderi  [91]  considered both models before concluding more 
complex mixtures of shapes are necessary to match experiment. 

 Comparisons of experiment and theory have been made for varied structures: 
discontinuous thin metal films  [92 – 96] , cermets  [97 – 99] , and other colloidal 
forms  [100 – 102] . Comparisons are made to both the MG  [92 – 95 ,  97 ,  98 ,  102]  and 
Mie  [96 ,  98 ,  100 – 102]  theories. Doremus compared the optical properties of Ag 
and Au nanoparticles in sol and cermet forms  [103 ,  104]  and discontinuous Au 
films  [105]  to the Mie theory, but finally concludes that the MG theory correctly 
predicts the absorption peak position, but that the width depends upon mean free 
path limitations in the nanoparticles  [7 ,  105] . Other authors have concluded that 
deviations of experiment from theory were due to the inappropriate use of bulk 
parameters.      
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   Chapter 6   
  Nanoparticle Fabrication        

     Y.   Hayashi(*ü )        M.   Inoue,       H.   Takizawa   , and    K.   Suganuma       

  6.1 Introduction  

 Recently, a variety of high-value-added nanotechnologies have been developed. 
Nanomaterials involve the development and utilization of structures and devices 
with organizational features at the intermediate scale between individual atoms and 
under 100 nm, where novel properties occur as compared to bulk materials. 

 This implies the capability to build up tailored nanostructures and various properties 
for given functions by control at the molecular levels  [1] . Nanoparticles make up 
one of the most important nanomaterials subgroups because nanoparticle manufacturing 
is an essential component of nanotechnology. Also, assembling of nanoparticles and 
related structures is the most generic route to generate nanostructured materials and 
to build up bulk nanomaterials. 

 Full-fledged metal nanoparticle research started in the 1970s. It was shown in 
this research that the melting point is decreased by reducing a metallic particle to 
the nanolevel  [2] . This is theoretically shown for the proportion of the surface area 
in the entire volume to increase, and to become unstable by reducing it to the 
nanolevel. However, special nanoparticles have been used for much longer, as in the 
stained glass windows of a church  [3] . This is the surface plasmonic effect of gold 
and silver nanoparticles, leading to red colors in gold nanoparticle dispersions glass 
and yellow colors for silver nanoparticle dispersions. That is, people have been 
using nanotechnology and nanoparticles since the age before quantum mechanics. 
The history of the metal nanoparticle is the oldest in nanotechnology. 

 Fabrication of the metal nanoparticle is easy, and is difficult. For example, the 
fabrication technique is very easy compared with ceramic nanoparticles. So, what 
is so difficult? The problem is the stabilization of the metallic nanoparticle. 
Oxidation and agglomeration are big problems. Since they have large surface areas, 
nanoparticles are easily oxidized, especially base metal nanoparticles, so a surface 
protection agent is necessary to prevent it. However, when the surface effect is used, 
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the protection agent becomes a factor to disturb the nanocharacter. This problem is 
the most difficult one in metal nanoparticle fabrication. 

 This chapter explains methods of metal nanoparticle manufacture and control.  

  6.2 Metal Nanoparticle Fabrication Method  

 In general, metal nanoparticles are fabricated by breakdown or buildup methods. 
Figure  6.1  shows fabrication concepts of breakdown and buildup methods.  

 The breakdown method is a technique for crushing the bulk metal by mechanical 
grinding (MG) or mechanical milling (MM). It is very difficult to control the particle 
diameter at the nanolevel, though it is an easy technique. Moreover, there is a problem 
in that impurities are easily mixed by a vigorous and long-term milling, but the 
technique is considered unsuitable because plasticity is transformed in the case of 
soft metals. 

 The buildup method is a technique for assembling metallic atoms and has a lot 
of variations. This method is divided roughly into chemical and physical processings. 
A primary technique is introduced here for nanoparticle pastes for wiring. 

  6.2.1 Chemical Processing 

 Chemical processing especially covers a lot of different buildup techniques. 
 Basically, it is a technique for reducing ions in solution by a reducing agent and 

heating. Reduction techniques also include radiation and supersonic waves, etc. 

  Fig. 6.1    Fabrication concepts of breakdown and buildup methods       
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The basic fabrication concept is the same as a traditional metallic reduction 
 technique using metal salt solution and hydrazine, modified for the nanoparticle 
fabrication. It is the control of the reactive rate that differs from the older tech-
niques. Supersaturation control is important in metal nanoparticle fabrication. 
When a metallic salt is used as the source in nanoparticle fabrication, the reducing agent 
is especially important. A mild reducing agent is suitable for nanoparticle fabrication, 
because the reduction speed is slowed and it is easy to control particle size. Particles 
grow large in the case of strong reducing agents such as hydrazine. With a fast reaction 
rate, it is not easy to control the nanoparticle size. 

 Popular reducing agents and energy used are shown in Table  6.1 .     
 The amine-related compounds and organic acids (e.g., citric acid) act not only 

as the reducing agent but also as stabilization agents. In the reduction, the metallic 
source is also important. 

 The range of organic metallic compounds is infinite, and therefore the control of 
physical properties is relatively easy to control. For instance, synthesis is also possible 
of materials that act as protection agents for metal sources, such as metallic fatty 
acids, and are easily reduced to metal, like the carbonyl compounds. 

 Table  6.2  shows popular metal sources for metal nanoparticle fabrication.     
 In chemical processing, both choice and balance of a reducing agent and a 

metallic source are important, but heating is also an important element to control.  

  6.2.2 Physical Processing 

 Physical processing implies physical power and a phase reaction, as opposed to a 
chemical solute reaction. The breakdown method is a physical process and an 
example of physical power. Phase reactions are divided into gas and liquid phase 
methods (Fig.  6.2 )  [4 – 6] .  

 Table 6.1    Popular reducing agent and energy for metal nanoparticles  

 Reducing materials  Alcohols, aldehydes, sugars 
  hydroxy acids, hydroxylamines 
  thiols, NaBH 

4
 , B 

2
 H 

6
 , H 

2
 , Sn 2+ , Co 2+ , etc. 

 Reducing energy 
(irradiation) 

 Heating (including special heating)  photo 
  ultrasound, etc. 

 Table 6.2    Popular metal sources for metal nanoparticle fabrication  

 Metal  Bulk, flake, powder, etc. 

 Metal salt  Nitrates, chlorides, hydrosulfates, cyanides 
 Organometal complex  carbonyls, fatty acids, alkoxides, etc. 
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 The gas condensation method is the most popular nanoparticle fabrication 
method amongst physical processes. In the gas condensation method, a metallic or 
inorganic material, or organometallic compound, is vaporized by thermal evapora-
tion sources, such as Joule heated refractory crucibles, electron beam evaporation 
devices under low pressure, or inert gas. The metallic cluster is formed in the 
 vicinity of the source by homogeneous nucleation in the gas phase. In this method, 
particle size depends on the residence time of the particles in the growth regime and 
can be influenced by the gas pressure and the kind of inert gas, evaporation rate, or 
vapor pressure. In general, the average particle size of the nanoparticles increases 
with gas pressure and vapor pressure. 

 Another technique is the atomization method  [7] , where the molten metal is 
rapidly cooled into droplets. Industry is very advanced in the methods of metallic 
particle fabrication at the micron and submicron levels.   

  6.3 Novel Processing Routes for Eco-Fabrication  

 It has been explained that the traditional fabrication processes of metal nanoparticles 
are basically either physical or chemical methods. Either way, to obtain nanoparticles, 
the reduction of metal ions normally requires high temperature, reducing agents, and 
supersaturated conditions. Here, we want to explain the problem for industrialization. 

 In industrialization, the large problems are cost and environmental problems, 
and these have been closely linked. Figure  6.3  shows the relationship of cost and 
environmental impact on metal nanoparticle preparation  [8 ,  9] .  

 In the physical method, it is easy to fabricate high purity nanoparticles because 
of their production in inert gas. However, high-temperature heating and a large-scale 

  Fig. 6.2    Gas condensation and atomization methods       
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chamber filled with inert gas are necessary. And, yield is not so high either. 
Therefore, a large initial cost and high running costs are both necessary. 

 On the other hand, the chemical method is cheap because spontaneous chemical 
reduction reaction is used. However, there is a problem with the raw material (metal 
source and reduction agent). A metal salt is almost always used as a metal source 
if using a reducing agent, and many metallic salts contain the ions, NO 3− , SO4

2−     , 
Cl − , etc., that produce an acid deposition problem, which necessitates a wet scrub-
ber and washing of the nanoparticles to remove. 

 When an organometallic compound is used as the metallic source, 80 wt% or 
more might become organic waste. Naturally, it is necessary to remove this waste, 
so the cost barely changes between physical and chemical methods. 

 In industry, well-balanced fabrication is needed to control cost and to protect the 
environment. However, it is difficult to manage both low cost and low environmental 
impact in these methods. Therefore, innovative fabrication design is required to 
break through these problems now. 

 Environmental regulations are especially important in the electronic device field 
(e.g., nanopackaging), including waste electrical and electronic equipment (WEEE), 
restriction of hazardous substances (RoHS), and end-of-life vehicle (ELV)  [10 – 12] . 

 The coexistence of high performance and low environmental impact will become 
increasingly important in nanotechnologies containing nanopackaging. In addition, 
low product cost is also necessary to maintain an international competitive edge. 

  Fig. 6.3    Cost vs. environmental impact in metal nanoparticle fabrication       
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 One example of metallic nanoparticle fabrication methods that achieve both 
ecological and economical goals is introduced as follows. 

  6.3.1 Liquid–Solid Sonochemical Reaction 

 Ecological and economical fabrication is becoming increasingly important in 
industry, as mentioned above. This synthesis can be achieved through a number of 
approaches. Rather than an expensive special-purpose device, an inexpensive general-
purpose production device is desired. Also, when synthesizing, it is preferable for 
neither waste nor air pollution to be generated and for safe and nontoxic raw materials 
to be used. In addition, synthesis at the lowest temperature possible is desirable 
with respect to energy conservation (e.g., room temperature). 

 We developed a new metal nanoparticle synthesis method that provides these 
elements. This new synthesis method uses an ultrasonic cleaner as a general-
purpose device and metal oxide (M 

 x 
 O 

 y 
 ) and alcohol (C 

 x 
 H 

 y 
 OH) as raw materials. 

The metal oxide does not dissolve in ethanol, so the liquid–solid (alcohol–metal 
oxide) phase is ultrasonically agitated. 

 When a solid substance is subjected to pyrolytic treatment with a generating gas, 
the raw material is converted into fine powder  [13 ,  14] . Noble metal oxides espe-
cially are simply decomposed by heating in air, i.e., without needing strongly 
reducing atmospheres  [15] . This reduction is clean and ecological, because noble 
metal oxides are almost atoxic materials and only generate O 

2
  in decomposition. 

The starting materials are noble metal oxides and ethanol (EtOH), which are low 
emission (LE) materials. 

 The ultrasonic cleaner is an inexpensive home appliance, and metal oxide and 
alcohol are generally inexpensive and nontoxic. Ultrasonic processing as a chemical 
process is called a sonochemical process. In general, the properties of a specific 
energy source determine the course of the chemical reaction. The ultrasonic irradia-
tion differs from traditional energy sources in duration, pressure, and energy per 
molecule and is unique in the interaction between energy and matter. The chemical 
effects of ultrasound do not come from a direct interaction with molecular species. 
Instead, they are derived principally from acoustic cavitation, which can produce 
temperatures as high as those on the surface of the sun and pressures as great as 
those at the bottom of the ocean  [16] . Such a reactive place can be achieved with a 
home electronic ultrasonic cleaner. 

 We synthesized noble metal nanoparticles by ultrasound in a liquid–solid 
(EtOH–noble metal oxide) slurry. The synthesis technique is very simple. EtOH 
and the noble metal oxide powder are simply placed into a beaker and irradiated by 
ultrasound (Fig.  6.4 ). When the liquid–solid slurry is irradiated by ultrasound, it 
reduces to metal nanoparticles. 

   
M O

in EtOH @ RT
Metal nanoparticlex y ⎯ →⎯⎯⎯⎯⎯⎯ + ↑Ο ∆2 G

   
(6.1)
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 In this synthesis, ultrasonic irradiation is important. Cavitation in a liquid occurs 
due to the stresses induced in the liquid by the passing of a sound wave through the 
liquid  [17 – 19] . These bubbles are now subjected to the stresses induced by the 
sound waves. The bubbles are filled with vapor and gas, and bubble implosions 
occur. These implosions are the remarkable part of sonochemical processes. Each 
of these imploding bubbles can be seen as a high-temperature hot spot having pres-
sures of several hundred atmospheres. Hot spot reaction is considered to represent 
direct reduction, with the reduction of metal oxide induced by hot spots formed 
from ultrasonic cavitation and alcohol. EtOH is also important in this reduction. 
Ultrasonic reduction is accelerated by alcohol and protects metals from reoxidiza-
tion. The nucleation of metal occurs at the hot spot in solution, followed by the 
growth and immobilization of the noble metal particles. 

 The Gibbs free energy (∆ G ) is a thermodynamic potential, and is therefore a 
state function of a thermodynamic system  [20 ,  21] . This is the most basic concept 
when thinking about the chemical reaction. 

 The metal oxide reduction for small ∆ G  happens easily in this reaction. The 
 values of ∆ G  of base metal oxides are very large compared with those of noble 
metal oxides. In addition, the values of ∆ G  of noble metal oxides are extremely 
small compared with those of base metals. Among the noble metal oxides, ∆ G  is 
the smallest for gold oxide. 

 Figure  6.5  shows a TEM image of the products and the size distribution of the 
Ag particles formed in this synthesis. The Ag particles were conformed to be 1 nm 
in size. Ag particle sizes were changed by PVP concentration. UV absorption peaks 
were observed at approximately 400 nm. These absorption bands correspond to the 

  Fig. 6.4    Experimental procedure in liquid–solid sonochemical reaction       
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surface plasma resonance absorption of Ag nanosized metallic particles. The 
absorption peaks were shifted by changes in Ag particle size. Melting point is 
significantly lower for nanosized particles. These synthesized particles melt and 
sinter at approximately 100–150°C. If such a synthesized method is used, low-
temperature nanowiring that combines low cost and low environmental impact can 
be achieved. Figure  6.6  shows a TEM image of Pt nanoparticles in sonochemical 
synthesis. Pt can synthesize the nanoparticles without the dispersing agent, which 
differs from Ag. Therefore, the surface effect can be expected in nanoparticles.     

  6.4 Techniques to Avoid Clustering  

 In general, metal particles immediately agglomerate in solution, so they may be 
hydrophobic. In the case of nanoparticles, this phenomenon is especially remarkable. 
To prevent agglomeration, various surface modifications are examined. Techniques 
to avoid clustering are similar. 

  Fig. 6.5    Ag nanoparticle images by liquid–solid sonochemical fabrication       
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 The technique that prevents the nanoparticle from clustering is very important. 
The controlling technique for single nanometer dimensions has essentially been 
established, and clustering can be prevented by using a surfactant agent. Moreover, 
if a uniform nanoparticle can be made by using a surfactant agent, it is also possible 
to fabricate self-assembled nanoparticle monolayers and superlattices. 

 The technique common to all these is to coat the surface of the particle and the 
cluster with the surfactant before particle agglomeration and large atom clustering. 
The surface modification varies according to the material, but the general concept 
is explained here. Generally, supersaturation is very important to make small particles 
and clusters. 

 For example, a raw material of a low concentration and a mild reactive condition 
(low temperature, mild reducing agent, etc.) are important in nanoparticle fabrica-
tion. However, the nanoparticle cannot be made only by the supersaturation. 
Because the surface of the cluster and the nanoparticle is very active, large clustering 
and particle agglomeration happen for stabilization. Surface modification of the 
cluster and the nanoparticle is necessary to prevent these. 

 Up to now, various materials and techniques have been used for surface modifi-
cation and for fabricated colloids. One of the colloid fabrication techniques is to 
make the micelle by using a surface active agent and protective polymer. 

 A nanoparticle-dispersed solution can be achieved by adding a hydrophilic polymer 
with the protection effect during fabrication. In this case, the hydrophilic  polymer 
becomes protective of the colloid. The hydrophilic polymer is a surfactant, which 
are usually organic compounds that are amphipathic, meaning they contain both 
hydrophobic groups and hydrophilic groups. Therefore, they are typically sparingly 
soluble in both organic solvents and water. 

  Fig. 6.6    Pt nanoparticle images by liquid–solid sonochemical fabrication       
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  Micelles . For the solution at metal concentrations below the critical micellar 
concentration (CMC), the surfactant behaves as a powerful electrolyte above CMC. 
The monomers form spheroidal aggregates called micelles. 

 The particle size and morphology can change with increasing surfactant concen-
tration  [22 ,  23] . In terms of particle growth, some analogies between surfactant 
self-assemblies and natural media can be proposed. In both cases, the growth 
of particles needs a supersaturated media where the new nucleation takes 
place. In solution, surfactant molecules self-assemble to form aggregates. At low 
concentration, the aggregates are generally globular micelles, but these micelles 
can grow upon an increase of surfactant concentration. Micelles grow in agreement 
with theoretical prediction on micellization. 

  Reverse micelles . Reverse micelles are stabilized by a monolayer surfactant. The 
most famous useful surfactant is sodium bis sulfosuccinate (Na(AOT))  [23] . Besides 
being a surface active agent and protective polymer, it coats the inorganic matter as a 
silica excluding cluster, and there is also a technique for preventing clustering  [3] . 

  6.4.1 Surfactant of Metal Nanoparticle Paste 

 The surfactant choice for a metallic nanoparticle paste is amongst the most difficult 
in various nanoparticle fabrications. 

 For metal nanoparticles, surfactants are effective to prevent not only clustering 
and agglomeration but also oxidation of the surface. The metal nanoparticle surface 
is more active than that of a ceramic powder or micron-sized metal powder. 
Therefore, it tends to oxidize easily (other than gold nanoparticles). 

 Moreover, oxidation by ignition is a danger for metal nanoparticles, especially 
without surfactant. However, it is insufficient to only prevent agglomeration and 
oxidation in the case of paste. 

 The character that sintering and electroconduction are not obstructed is also 
desired in the nanoparticle paste. Concretely, surfactant agents are needed that 
resolve at low temperature, and obstruct sintering of metal nanoparticles. 

 Furthermore, the character to be able to distribute metal nanoparticles at high 
concentrations is requested. Thus, the demands upon the surfactant agent of metal 
nanoparticle paste point to the ultimate properties. The performance demanded as 
a surfactant is enumerated for metal nanoparticle pastes in the following:

   1.    Prevention of agglomeration and clustering  
   2.    Prevention of oxidation  
   3.    Low-temperature resolution  
   4.    High metal nanoparticles concentration  
   5.    Mass production     

 These factors are demanded in surfactants for metal nanoparticle pastes. 
 Various surfactants are used for the nanoparticle fabrication and reported in 

many papers. However, no surfactant that satisfies everything is reported. So, the 
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surfactant ability is demonstrated by the interaction with the solvent, and it is not 
possible to discuss it only by surfactant effects. There are many trade secret cases 
without paper or patent. 

 Anyway, the know-how of this field is important, and metal nanoparticle paste 
is a necessity for the overall judgment by dispersion, sintering, and electronic 
properties.   

  6.5 Summary  

 Various metal nanoparticle fabrications were introduced in this chapter. The metal 
nanoparticles can be fabricated comparatively easily now. However, the hurdles for 
metal nanoparticle paste are high in the list (1)–(5) above. 

 Moreover, environmental problems are also important to the metal nanoparticle 
paste used with electronic equipment. Wiring technology that uses metal nanopar-
ticles is being actively researched  [24 ,  25] . 

 The metal nanoparticle is effective for the nanoscale wiring and low printing 
temperature  [26 ,  27] . In particular, inkjet wiring, which uses metal nanoparticles, 
has various advantages (e.g., waste fluid problem, many varieties, and small-quantity 
production on-demand) compared with past techniques. In chemical methods, 
metal nanoparticles are produced using ionic solutions that include nitrates, chlorides, 
carbonates, and cyanides, amongst others. These starting materials and reducing 
agents are toxic and generate pollution during fabrication. Moreover, toxic ions, 
such as NO3

2−, Cl − , and CN − , remain in the preparation solutions after fabrication. 
These solutions require treatment, because these ions are the origin of environmental 
pollution problems such as acid rain and the generation of green house and toxic 
gases. Therefore, companies must treat these solutions with great care and must 
shoulder high treatment costs. 

 The cost is also important in practical use; not only high performance but also 
low production and low running cost technology are necessary in metal nanoparticle 
pastes.      
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   Chapter 7   
 Nanoparticle-Based High-k Dielectric 
Composites: Opportunities and Challenges       

     Jiongxin   Lu     and    C.P.   Wong(*ü )      

  7.1 Introduction  

 The ever-increasing demands of miniaturization, increased functionality, better 
performance, and low cost for microelectronic products and packaging have been 
the driving forces for new and unique solutions in system integration such as sys-
tem-on-chip (SOC) and system-in-package (SiP). Despite the high level of integra-
tion, the number of discrete passive components (resistors, capacitors, or inductors) 
remains very high. In a typical microelectronic product, about 80% of the electronic 
components are passive components which are unable to add gain or perform 
switching functions in circuit performance, but these surface-mounted discrete 
components occupy over 40% of the printed circuit/wiring board (PCB/PWB) sur-
face area, account for up to 30% of solder joints and up to 90% of the component 
placements required in the manufacturing process. Embedded passives, an alterna-
tive to discrete passives, can address these issues associated with discrete parts, 
including substrate board space, cost, handling, assembly time and yield. Figure  7.1  
schematically shows an example of realization of embedded passive technology by 
integrating resistor and capacitor films into the laminate substrates  [1 ,  2] .  

 By removing these discrete passive components from the substrate surface and 
embedding them into the inner layers of substrate board, embedded passives can 
not only provide the advantage of size and weight reduction but also have many 
other benefits such as increased reliability, improved performance, and reduced 
cost, which have driven a significant amount of effort during the past decade for 
this technology. For instance, NIST launched its Advanced Embedded Passives 
Technology (AEPT) project in 1999 with a group of industrial partners, focusing 
on developing the materials, design and processing technology for embedded pas-
sive devices in circuit board substrates. 
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 However, embedded passive technology has still not been commercialized for 
electronic packages due to materials and process issues. Therefore, to enable 
embedded passive technology, it is necessary to develop materials that satisfy the 
requirements of fabrication as well as electrical and mechanical performances  [3 , 
 4] . High dielectric constant ( k ) and low dielectric loss are two most important pre-
requisites for these materials before any real applications are possible. 

 In this chapter, research and development on high- k  polymer composites for 
embedded capacitor applications is reviewed and discussed. More specifically, 
 current research efforts toward achieving high- k  and low dielectric loss nanoparticle-
based dielectric composites are presented.  

  7.2 Dielectric Mechanisms  

  7.2.1 Capacitance, Dielectric Constant, and Polarization 

 Capacitance ( C ) is used as the measure of how much electric charge can be stored 
in a capacitor. The relationship between capacitance  C  and dielectric constant  ε  

r
 ( k ) 

is given by the following equation:

   C
A

t
=

e e0 r ,    (7.1)

where  e  
0
  is the permittivity of free space (8.854 × 10 −12  F m −1 ),  A  is the area of the 

electrical conductor,  t  is the thickness of the dielectric layer, and  e  
r
  is the relative 

dielectric constant of the dielectric layer. It is evident that the larger the dielectric 
constant, the larger the capacitance which can be realized in a given space. 
Therefore, materials of high dielectric constant are favored in practical design of 
embedded passives for miniaturization. 

 The ability of the dielectric materials to store energy is attributed to the polarization, 
i.e., electric field-induced separation and alignment of the electric charges. There are 

Embedded Inductors

Surface Mount Device
(BGA/CSP/FC)

Embedded Capacitors

Embedded Resistors

Micro Via

Copper Layer

Dielectric Layer

  Fig. 7.1    Embedded passives integrated into the laminate substrate       

Morris_Ch07.indd   122Morris_Ch07.indd   122 9/29/2008   8:07:17 PM9/29/2008   8:07:17 PM



7 Nanoparticle-Based High-k Dielectric Composites: Opportunities and Challenges 123

several molecular mechanisms associated with this polarization (see Fig.  7.2 ). Ideally, 
the dielectric constant should be constant with regard to frequency, temperature, volt-
age, and time. However, each polarization mechanism has a characteristic relaxation 
frequency. Therefore,  k  values of most of the materials show a dependence on the 
frequency because the slower mechanism fails to respond and contribute to the dielec-
tric storage when the frequency becomes larger. The  k  values of dielectric materials 
can also vary with temperature, bias, impurity, and crystal structure to different 
extents according to materials types  [1 ,  5] .   

  7.2.2 Dielectric Loss 

 Dielectric loss is a measure of energy loss in the dielectric during AC operation, 
which is a material property and does not depend on the geometry of a capacitor. 

  Fig. 7.2    Four major polarization mechanisms       
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Dielectric loss is usually expressed as the loss tangent/factor (tan  d  ) or dissipation 
factor (Df), defined as

   
tan ,d

e
e

s
p e

= +
′′

′ ′2 f      (7.2)

where  e  ′,  e  ″, and  s  are the real and imaginary parts of the dielectric permittivity 
and the electrical conductivity of the materials, respectively, and  f  is the 
frequency. 

 In general, dielectric loss results from distortional, dipolar, interfacial, and con-
duction loss. Distortional loss is related to the electronic and ionic polarization 
mechanisms. Interfacial loss originates from the excessive polarized interface 
induced by the fillers and specifically the movement or rotation of the atoms or 
molecules in an alternating electric field. Conduction loss is attributed to the DC 
electrical conductivity of the materials, representing the flow of actual charge 
through the dielectric materials. 

 The energy dissipated in a dielectric material is proportional to the dielectric loss 
tangent, which can be determined by the following equation:

 W f≈ ′pe x d2 tan ,  (7.3)

where  x  is the electric field strength and  f  is the frequency  [6] . Therefore, a low 
dielectric loss is preferred to reduce the energy dissipation and signal losses, par-
ticularly for high frequency applications. Generally, a dissipation factor under 0.1% 
is considered to be quite low and 5% is high  [1] . A very low dissipation factor is 
desired for RF applications to avoid signal losses, but much higher values can be 
tolerated for energy storage applications such as decoupling.   

  7.3 Materials Options for High- k  Dielectrics  

 Dielectric theory suggests that high dielectric constant and low dielectric loss are 
the two most important parameters for dielectric materials to realize embedded 
capacitor applications. As such, to meet the stringent materials requirements, con-
siderable attention has been devoted to the research and development of candidate 
high- k  materials. 

  7.3.1 Ferroelectric Ceramic Materials 

 In the beginning, ferroelectric ceramic materials including barium titanate (BaTiO 
3
 ), 

barium strontium titanate (BaSrTiO 
3
 ), lead zirconate titanate (PbZrTiO 

3
 ), etc., have 

been used as dielectric materials for decoupling capacitors because of the high- k  – up 
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to thousands for this type of materials  [1 ,  7] . However, the very high processing 
temperature (> 600°C) required for sintering is unsuitable for the embedded capacitor 
applications in the low-cost organic PCB industry.  

  7.3.2 Ferroelectric Ceramic/Polymer Composites 

 Ferroelectric ceramic–polymer composites with high- k  have also been actively 
explored as major material candidates. The methodology of this approach is to 
combine the advantages from the polymers, which meet the requirements for the 
low-cost organic substrate process, i.e., low-temperature processibility, mechanical 
flexibility, and low cost, with the advantages from the ferroelectric ceramic fillers, 
such as desirable dielectric properties  [3 ,  4 ,  8 – 14] . However, some challenging 
issues in these polymer composites for high- k  applications have been addressed 
such as limited dielectric constants, low adhesion strength, and poor processibility. 
A typical connectivity of polymer–ceramic composite is 0–3 composite, which 
indicates that ceramic fillers are dispersed without continuity in a three-dimen-
sional connected continuous polymer matrix. Most of the  k  values of polymer–
ceramic composites developed to date are below 100 at room temperature due to 
the low- k  polymer matrix (usually in the range of 2–6). By employing the relatively 
high- k  polymer matrix, the  k  values of polymer–ceramic composites can be effec-
tively enhanced because the polymer matrix  k  has a very strong influence on the  k  
of the final composites  [4 ,  12] . For instance, poly(vinylidene fluoride–trifluoroethylene) 
(P(VDF–TrFE)) copolymer, a class of relaxor ferroelectric, can have a relatively 
high room temperature  k  (∼ 40) after irradiation treatment  [15] . Bai et al.  [4]  
prepared Pb(Mg 

1/3
 Nb 

2/3
 )O 

3
 –PbTiO 

3
 /P(VDF–TrFE) composites with  k  values above 

200. Rao and Wong  [16]  reported a lead magnesium niobate–lead titanate (PMN–PT, 
900 nm) + BaTiO 

3
  (50 nm)/high- k  epoxy system (effective  k : 6.4) composite with a 

 k  value about 150, for ceramic filler loading as high as 85% by volume. But the high 
filler loading of ceramic powders will lead to some technical barriers for real appli-
cations of polymer–ceramic composite in the organic substrate because it results in 
poor dispersion of the filler within the organic matrix, and almost no adhesion 
toward other layers in PCB as well due to the low polymer content.  

  7.3.3 Conductive Filler/Polymer Composites 

 Conductive filler/polymer composite is another approach toward ultrahigh- k  mate-
rials for integral capacitor application of next-generation microelectronic packag-
ing, which is a kind of conductor–insulator composite based on percolation theory 
 [17] . For conductive filler/polymer composites, the effective electrical properties 
approaching the percolation threshold are determined by the scaling theory, which 
can be described as ( 7.4 )–( 7.6 )  [18] :
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   s s= − >M c c( ) , ,f f f ft

   (7.4)  

   s s= − <−
D c c( ) , ,f f f fq

,   (7.5)  

   e e e s s= − =D c D M M/ | | ( / ) ,f f q s

   (7.6)  

where  s  
M

  and  s  
D
  are the electrical conductivity of conductive filler and polymer, 

respectively;  f  and  f  
c
  are the concentration and the percolation threshold concentration 

of the conductive filler within the polymer matrix, respectively;  ε  
D
  is the dielectric 

constant of the polymer matrix; and  q ,  s , and  t  are scaling constants, related to the 
material property, microstructure, and connectivity of the polymer-conductive filler 
interface  [18] . Ultrahigh- k  can be expected with conductive filler/polymer compos-
ites when the concentration of the conductive filler is close to (but does not exceed) 
the percolation threshold. Physically, this phenomenon can be interpreted in terms 
of a “supercapacitor network” with very large area and small thickness: when the 
concentration of the metal is close to the percolation threshold, large amount of 
conducting clusters are in proximity to each other but they are insulated by thin lay-
ers of dielectric material. Sometimes, the effective dielectric constant of the metal–
insulator composite could be three or four orders higher than the dielectric constant 
of the insulating polymer matrix. And also, this percolation approach requires much 
lower volume concentration of the filler compared with traditional approaches of 
high dielectric constant particles in a polymer matrix. Therefore, this material option 
represents advantageous characteristics over the conventional ceramic/polymer 
composites, specifically, ultrahigh- k  with balanced mechanical properties including 
the adhesion strength. Various conductive fillers, such as  silver, aluminum, nickel, 
and carbon black, have been used to prepare the polymer-conductive filler compos-
ites or three-phase percolating composite systems  [17 ,  19 – 24] . 

 Although these composites were reported with high- k  values at the percolation 
threshold, they still cannot be considered as effective materials for embedded capaci-
tor applications due to the accompanied high dielectric loss tangent and conductiv-
ity. Some researchers use semiconductor fillers to achieve relatively low conductivity 
at the percolation threshold as compared with conductive fillers. Dang et al.  [25]  
reported that LNO/PVDF (Li-doped NiO/polyvinylidene fluoride) composites were 
of effective  k  around 290 at 100 Hz at the percolation threshold  f  

c
  = 0.10. And the 

conductivity of the semiconductor fillers was also found to play an important role on 
the dielectric properties and the percolation threshold of the polymer–semiconductor 
composites. Other approaches to control dielectric loss will be discussed below.   

  7.4 Nanoparticle-Based Dielectric Materials  

 During recent years, great efforts have been made toward the synthesis and applica-
tion of nanoparticles because of their unusual physical and chemical properties 
resulting from the nanosize and ultra-large surface area. Polymer composite materials 
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based on nanoparticles provide a potential solution to meet present and future tech-
nological demands in terms of good processibility and mechanical properties of 
polymers combined with the unique electrical, magnetic, or dielectric properties of 
nanoparticles  [26] . Additionally, nanosized particles are preferred for high- k  dielec-
tric composite materials because they could help achieve thinner dielectric films 
leading to a higher capacitance density. Therefore, more nanoparticles of ceramic, 
metallic, or even organic semiconductor have been introduced to prepare high- k  
dielectric materials recently. 

  7.4.1 Ceramic Nanoparticle-Based Dielectric Composites 

 In the past decade, a great deal of effort has been devoted to the development of 
ceramic/polymer composites (0–3 composites), but most of the ceramic fillers used 
are in the micron size range. Although finer particle size is required to obtain a thin 
dielectric film and to increase the capacitance density, extremely fine ceramic par-
ticles may lead to the change of crystal structure from tetragonal, which results in 
the high permittivity, to cubic or pseudocubic. Generally speaking, the tetragonality 
and hence the permittivity of ceramic particles decreases with the particle size. 
Uchino et al.  [27]  and Leonard and Safari  [28]  found that the tetragonality of 
BaTiO 

3
  powders disappears finally when the particle size decreases to approxi-

mately 100 and 60–70 nm, respectively. Cho et al.  [14]  prepared BaTiO 
3
 /epoxy 

composite embedded capacitor films (ECFs) with average particle sizes of 916 nm 
(P1) and 60 nm (P2); the  k  values of ECFs made of P1 were higher than those made 
of P2, so the coarser particle is more useful than the finer particle to obtain high- k  
of ECFs using unimodal powder. But by adopting bimodal fillers, fine nanoparticles 
can effectively enhance the  k  values by maximizing packing density and removing 
the voids and pores formed in the dielectric films. A dielectric constant of about 90 
was obtained at a frequency of 100 kHz using these two differently sized BaTiO 

3
  

powders.  

  7.4.2  Conductive or Semiconductive Nanoparticle-Based 
Dielectric Composites 

 The dramatic increase of dielectric constant observed in the conductor or semicon-
ductor/insulator percolation systems close to the percolation threshold arouses 
interest in developing conductive or semiconductive filler/polymer composites as 
candidate materials for embedded capacitor applications. Especially, conductive 
filler/polymer nanocomposites have been identified as promising materials to fulfill 
the materials requirements for embedded capacitors. However, the dielectric loss of 
this type of materials is very difficult to control, because the highly conductive par-
ticles can easily form a conductive path in the composite as the filler concentration 
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approaches the percolation threshold. Therefore, high dielectric loss and narrow 
processing windows have plagued metal/polymer composites in real applications. 
To solve the problems of the polymer-conductive filler composites, much work has 
been focused currently on the control of the dielectric loss of this system to over-
come the above-mentioned drawbacks. 

  7.4.2.1 Effect of Dispersion 

 Uniform dispersion of nanoparticles in nanocomposite materials is required 
because multiparticle agglomerates inside the polymer matrix will lead to unde-
sirable electrical or materials properties. Therefore, dispersion of nanofillers in 
composite materials is currently of great interest in both industry and academia. 
However, in many of the dielectric nanocomposite materials currently being 
produced, there is difficulty in obtaining both homogeneous materials and 
repeatable results where dielectric properties are dependent on nanofiller dis-
persion. Zhang et al.  [29]  selected CuPc oligomer, a class of organic semicon-
ductor materials with  k  as high as 10 5 , as the high- k  filler dispersed in a 
P(VDF–TrFE) matrix. The composite showed a  k  of 225 and a loss factor of 0.4 
at 1 Hz at low applied field. The high dielectric loss is due to the long-range 
intermolecular hopping of electrons. Wang et al.  [30]  further chemically modi-
fied CuPc to bond to the P(VDF–TrFE) backbone to improve the dispersion of 
CuPc in the polymer matrix. Compared to the simple blending method, the 
CuPc oligomer particulates in grafted sample are of relatively uniformly size in 
the 60–120 nm range, which is about five times smaller than that of the blended 
composite. Furthermore, dielectric loss was reduced and dielectric dispersion 
over frequency was weakened.  

  7.4.2.2 Effect of Surfactant Layer 

 The surfactant layer coated on nanoparticle surfaces during nanoparticle syn-
thesis could serve as a barrier layer to prevent the formation of a conduction 
path to control the dielectric loss. A Ag/epoxy nanocomposite with 22 vol.% 
Ag possessing a high- k  of 308 and a relatively low dielectric loss of 0.05 at a 
frequency of 1 kHz was reported by Qi et al.  [19] . The 40-nm Ag nanoparticles 
coated with a thin layer of mercaptosuccinic acid were randomly distributed in 
the polymer matrix. As shown in Fig.  7.3 ,  k  and dielectric loss increase with the 
filler concentration up to 22 vol.%. The decrease of  k  after that point is not due 
to conduction, and this is attributed to the porosity caused by the absorbed sur-
factant layer and solvent residue, especially at a higher Ag content. In addition, 
no rapid increase of the dielectric loss tangent values was observed. Therefore, 
the observed highest  k  value was not considered as a real percolation threshold 
and the formation of a conducting filler network was prevented by the sur-
factant coating.   
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  7.4.2.3 Coulomb Blockade (CB) Effect of Metal Nanoparticles 

 This novel approach is to take advantage of the unique properties of metal nanopar-
ticles to control the dielectric loss of the conductive filler/polymer composite. 

 Ag nanoparticles were in situ synthesized in an epoxy resin matrix through the 
reduction of a silver precursor. The presence of the capping agent and its ratio with 
respect to the metal precursor were found to have great effect on the size and size 
distribution of the synthesized Ag nanoparticles in the nanocomposites. Nanoparticles 
of roughly two size ranges formed in all mixtures while the mixtures with higher 
concentrations of the capping agent showed the narrower size distribution as shown 
in Fig.  7.4 .  

  Fig. 7.3     k  and loss tangent dependences on Ag volume fraction and frequency  [19]        
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 The Ag/CB/epoxy composite was prepared by mixing an in situ formed nano-
Ag/epoxy composite and CB/epoxy composite. It can be seen from Fig.  7.5  that in 
situ formed Ag nanoparticles in the Ag/CB/epoxy composites increased the dielec-
tric constant ( k ) value and decreased the dissipation factor (Df). The remarkably 
increased  k  of the nanocomposites was due to the piling of charges at the extended 
interface of the interfacial polarization-based composites. The reduced dielectric 
loss might be due to the CB effect of the Ag nanoparticles, a well-known quantum 
effect of metal nanoparticles. More specifically, the Ag nanoparticles of ultrafine 
size cause a high charging energy for the tunneling electrons and inhibit the charge 
transfer through the small metal island, reducing the conduction loss which repre-
sents the flow of charge through the dielectric materials.  

 The size, size distribution, and loading level of metal nanoparticles in the nano-
composite have significant influence on the dielectric properties of the nanocom-
posite system. Smaller size and narrower size distribution of Ag nanoparticles, 
obtained in the presence of larger amounts of a capping agent, resulted in more 
evident single-electron tunneling by Coulomb blockade effect and therefore reduc-
tion in conduction loss. Figure  7.6  illustrates the dielectric properties of the com-
posites at different frequencies. The  k  values of composites containing Ag 
nanoparticles are larger over the whole frequency range than those of a control 
sample without Ag (Fig.  7.6a ), while the decreased Df for nanocomposites containing 

  Fig. 7.4    TEM micrographs of Ag/epoxy composites in the presence of a capping agent (CA) with 
( a ) [CA]/[silver] precursor ratio  R  = 1, ( b )  R  = 0.6, ( c )  R  = 0.4, and ( d )  R  = 0.2  [20]        
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Ag nanoparticles is observed in the low frequency range (10 and 100 kHz in Fig. 
 7.6b ) only. This might be explained as the fact that the conduction loss contributes 
to the whole Df value less significantly as the frequency increases. Therefore, the 
effect of metal nanoparticles on suppressing dielectric loss is not obvious at higher 
frequency. Additionally, the contribution of interfacial loss is more evident in the 
high frequency range. Accordingly, the Df values of nanocomposites containing Ag 
nanoparticles are higher than those without Ag nanoparticles at higher frequencies 
(1 and 10 MHz in Fig.  7.6b ).   

  7.4.2.4  Effect of High- k  Silver Nanoparticles/Polymer Matrix 
Combined with Self-Passivated Conductive Particles 

 In this study, an in situ photochemical method was explored to prepare a metal 
nanoparticle–polymer composite as a high- k  polymer matrix in which metal nano-
particles were generated by photochemical reduction of a metallic precursor within 
the polymer matrix. Compared with ex situ techniques, in situ techniques could 
facilitate a more uniform dispersion of nanoparticles in polymers and a photo-
chemical approach provides the advantages of simplicity, reproducibility, versatil-
ity, selectivity, and ability of larger scale synthesis  [31] . 

 Figure  7.7  displays TEM micrographs of Ag nanoparticles synthesized via this 
method in an epoxy resin. Nanoparticle sizes ranged from 15 to 20 nm with smaller 
ones down to 3–5 nm. This demonstrated that ultrafine-sized, uniformly distributed 
and highly concentrated metal nanoparticles could be obtained in the polymer 
matrix via in situ photochemical reduction.  

 Self-passivated Al particles were then incorporated in the as-prepared Ag–epoxy 
nanocomposite to further improve the  k  of Al/epoxy composites while maintaining 

  Fig. 7.5    Variation of  k  and Df at 10 kHz with different loading level of Ag nanoparticles  [20]        
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the relatively low dielectric loss. Figure  7.8  displays the dielectric properties of Al/
epoxy and Al/Ag–epoxy composites with different Al filler loading at a frequency 
of 10 kHz. The composites showed more than a 50% increase in  k  values compared 
with an Al/epoxy composite with the same filler loading of Al. Moreover, the dielec-
tric loss was maintained below 0.05. The results suggested that the in situ formed 
Ag–polymer nanocomposites via photochemical approach can be employed as a 
high- k  polymer matrix to host various fillers such as conductive metal or ferroelec-
tric ceramic fillers to achieve both high- k  and relatively low dielectric loss  [31 ,  32] .   

  Fig. 7.6    Ag nanoparticle size effect on ( a )  k  and ( b ) Df values of Ag/CB/epoxy composites at 
different frequencies  [20]        
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  7.4.2.5 Effect of Metal Nanoparticle Surface Modification 

 Surface modification of nanoparticles with organic molecules was employed to 
change the surface chemistry of nanoparticles and thus the interaction between 
nanoparticles and the polymer matrix. Full characterization of the surface-modified 
nanoparticle (SMN) showed that a thin layer was successfully coated on the nano-
particle surface via surface modification  (Fig.  7.9 ).  

 The surface coating layer on the nanoparticles was demonstrated to be able to 
decrease the dielectric loss and enhance the dielectric breakdown strength, which 
can be attributed to the interparticle electrical barrier layer formed via surface 

  Fig. 7.7    TEM micrographs of Ag nanoparticles synthesized within epoxy resin via in situ 
 photochemical reduction method  [31]        

  Fig. 7.8    Dielectric properties of Al/epoxy and Al/Ag–epoxy composites with different Al filler 
loading (at 10 kHz)  [31]        
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modification of nanoparticles preventing the metal cores from direct contact. 
Different surface modification conditions, such as surface modification agent type 
and concentration, solvent media, etc., may play complex roles in the degree of 
surface modification which impacts the changes of  k  and dielectric loss tangent 
values of SMN/polymer composites dramatically. Therefore, surface modification 
of nanoparticles is believed to be an effective approach to adjust the electrical fea-
tures at the nanoparticle surface and the interface between the nanoparticle and the 
polymer matrix, and thus tailors the corresponding property of interest of nanocom-
posites  [33 ,  34]  (Fig.  7.10 ).     

  7.5 Summary  

 Generally speaking, high- k  dielectric materials which can be realized for embedded 
passive applications are required to have high dielectric constant, low dissipation 
factor, high thermal stability, simple processibility, and good dielectric properties 
over broad frequency range. However, no such ideal materials that satisfy the 
above-mentioned prerequisites simultaneously have been realized till present. 
Nanocomposite materials based on nanosized particles have the potential to meet 
both present and future technological demands due to their unique properties and 
these materials have been studied extensively. Several techniques to further improve 
the overall dielectric properties of these candidate materials for real applications 
can be understood from theoretical predictions, which indicate that the dielectric 

  Fig. 7.9    High-resolution transmission electron microscopy (HRTEM) micrograph of SMN  [33]        
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constant of materials can be maximized and dielectric loss can be suppressed by 
following methods (1) optimized formulation of dielectric materials with high filler 
loading of high dielectric constant ceramics for ceramic–polymer nanocomposites 
and appropriate loading level of conductive fillers in the neighborhood of percola-
tion threshold for conductive filler–polymer nanocomposites; (2) improvement in 
morphology of dielectric materials such as filler size and distribution, packing, and 
dispersion in the polymer matrix; (3) appropriate processing methods; and (4) 
modification of the filler interface to suppress the dielectric loss.      
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   Chapter 8   
 Nanostructured Resistor Materials       

     Fan   Wu(*ü )     and    James E.   Morris       

  8.1 Introduction  

 This chapter focuses on nanostructured resistor materials in which there exists a macro-
scopic scale of inhomogeneity. In such a material, there are small, yet much larger than 
atomic, regions where macroscopic homogeneity prevails and where the foregoing 
macroscopic parameters suffice to characterize the physics, but different regions may 
have quite different values for those parameters. If we are interested in the physical 
properties only at scales that are much larger than those regions and at which the mate-
rial appears to be homogeneous, then the macroscopic behavior can again be character-
ized by bulk effective values,  s  and  e , of the conductivity and dielectric coefficient. 

 There is some literature  [1 – 4]  on the electrical properties and structural properties 
of the nanostructured resistor materials. However, there are few data, especially in a 
systematic way, on the relationship between the microstructure and the DC and AC 
electrical properties of nanostructured resistor materials. In this chapter, detailed 
studies of structural, compositional, and electrical properties of nanostructured 
resistor materials, such as Cr 

 x 
 (SiO) 

1− x 
 , are presented. A detailed understanding of 

the charge transport in nanometallic particle systems such as three-dimensional cermets 
and two-dimensional discontinuous metal films is important to the achievement of a 
successful model for the conductivity of nanostructured resistor materials. 

 In this chapter, a brief overview of the nanostructured resistor materials is first 
given. Then, electrical conduction models including compositional, structural, and 
electrical ( I–V ,  R – T ) characterizations are discussed.  

  8.2 Nanostructured Resistor Material Overview  

 Nanostructured resistor materials are composite materials of conductor and dielectric. 
There are two types of nanostructured resistor materials. The first one includes 
films consisting of a physical or chemical mixture of metals and dielectrics and is 

 F. Wu
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generally classified under the general heading of cermets, or ceramic metal. Cermet 
films are prepared by a number of different methods such as evaporation or sput-
tering of an oxidizable metal in the presence of some oxygen  [5 ,  6] , coevaporation 
 [7] , cosputtering  [8] , simultaneous or alternating plasma polymerization and metal 
evaporation  [9] , and implantation of metal ions in polymers  [10] . Another type is 
the discontinuous metal film which is formed during the initial stage of depositing 
thin metal films either by evaporation  [11]  or by sputtering  [12 ,  13] . 

 In the case of two-dimensional discontinuous films, these correspond to three 
growth stages. In the initial stages of growth, discrete nuclei are formed and these 
are generally stable once they consist of several atoms. The nuclei grow by capturing 
migrating surface adatoms or atoms direct from the vapor phase, and when the 
island separation is reduced to a few nm it is found that direct electrical current can 
pass through the film. With further island growth, the stage is reached where 
coalescence occurs. This is generally accompanied by a more rapid decrease in 
electrical resistance. Eventually, island coalescence leads to the formation of an 
interconnected network of capillaries that conduct like a normal metal. The impor-
tant feature of this class of structure is that the overall film resistance is dominated 
not by the resistivity of the capillaries but by the manner in which they are 
connected. It is quite usual to observe very wide differences in resistance between 
films having nominally identical masses of metal per unit area and this is due to the 
distribution of material on the substrate. The third structural class, the continuous 
metal film, is formed when the holes between the capillaries are filled in and the 
film approximates to a plane-parallel slab, generally of polycrystalline metal. 
Surface and grain boundary scattering govern the resistivity of the film in this 
regime. Figure  8.1  shows atomic force microscopy (AFM) images of aluminum 
films with structures belonging to these three regimes  [13] .  

 Figure  8.2  shows the sheet resistance variation with the deposition time for the 
discontinuous aluminum films  [13] .  

 In the metallic regime, electronic conduction retains most of the properties of 
bulk metal. For example, granular Ni–SiO 

2
  films exhibit bulk ferromagnetism for 

0.7 <  x  < 1  [14] , where  x  is the atomic percentage of Ni in the composite. However, 
properties which depend on electronic mean free paths are drastically modified due 
to strong electron scattering from dielectric particles and grain boundaries. For 
instance, the electrical conductivity decreases by orders of magnitude from its 
crystalline value, and the temperature coefficient of resistance (TCR), although 
positive, is very much smaller than in bulk metals  [15] . 

 In the dielectric regime which consists of isolated, nanometer size metal islands, 
two important physical quantities are substrate-assisted electron transport  [16]  and 
the thermally activated charging energy required to transfer an electron between 
two neutral islands  [11] . 

 Electrical conduction in the transition regime, which consists of a random inter-
connected array of metallic capillaries, is of particular interest because of its 
relevance to the mathematical topic of percolation theory. The electrical conductivity 
in this regime is due to percolation along the metallic capillaries and electron 
tunneling between isolated metal islands. Conduction in the island structure is, as 
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  Fig. 8.1    AFM images of aluminum films with film structures of ( a ) nucleation stage, ( b ) coales-
cence stage, and ( c ) continuous film stage  [13]        
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stated earlier, an activated process which gives rise to a negative TCR whilst conduc-
tion in the capillaries is of a normal metallic type with a reduced positive TCR. 

 The transition from nonmetallic to metallic conduction in nanostructured resistor 
materials is governed by the volume or area fraction of the substrate covered by 
metal. Consider a substrate as an orthogonal lattice upon which metal nuclei can 
grow but only at the nodes (sites). As growth proceeds, the stage will be reached 
where adjacent nuclei actually come into contact and coalesce. Although in the 
high-temperature limit a single nearly spherical nucleus may be expected to be 
formed upon coalescence of two smaller nuclei, in general elongated capillaries 
tend to be formed. Thus, the nuclei constitute the sites, their size governs the 
strength of interaction and the capillaries are equivalent to the bonds. There are 
basically two problems in percolation theory. The “site” problem is concerned with 
the variation of physical properties in terms of the proportion of occupied sites. The 
“bond” problem is concerned with the variation in terms of bonds present. From the 
point of view of electrical conduction, it is of interest to determine the stage at 
which the transition from metallic regime to dielectric regime occurs. In fact, for a 
granular metal film, this will not be a sharp transition since there will be a range of 
structures in which conduction between islands will occur simultaneously with 
metallic capillary conduction, and initially the resistance contributions will be of 
similar values. Eventually, the tunnel contribution will be completely shorted by the 
capillaries. For a two-dimensional lattice, Scher and Zallen  [17]  got a critical 
surface fraction of 44% of the covered surface area when large-scale connected 
paths formed. 

 Analysis of the structural and electrical transport data yields detailed informa-
tion on the granular metal film parameters: average metal particle size, average 
metal particle separation, and their distributions. 

 When an electron is transferred from one initially neutral island to another, a 
certain amount of work must be done against electrostatic forces. Therefore, the 
only electrons which could be transferred were those excited to a level of the order 
of  e  2 /4 per  above the Fermi level of the particular island of radius  r   [18] , where  e  is 
the electronic charge and  e  is the effective dielectric constant of the medium. 

  Fig. 8.2    Resistivity vs. deposition time  [13]        
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This energy can be supplied thermally at temperature  T  and, if Boltzmann statistics 
are obeyed, then the total number of charged islands  n  can be written as 

 n N E kT= −exp( / ),d   (8.1)

 where  N  is the total number of islands and  dE  is the activation energy which must 
be supplied to overcome the electrostatic force, expressed by the Neugebauer and 
Webb formula: 

   d
pe e

E
e

r

r s

r s
Fs

r

=
+
+

⎛
⎝⎜

⎞
⎠⎟

−
4 20

,    (8.2)   

 where  s  is the island separation and  F  is the applied electric field. 
 The activated tunneling conduction model expresses the conductivity as 

 s
d

= −⎛
⎝⎜

⎞
⎠⎟

Ks e D
E

kT
2 2 exp ,      (8.3)   

 where  K  is a geometrical constant and  D  is the interisland tunneling probability. 
 The Neugebauer and Webb theory and some other extended models proposed 

through the last several decades  [19 – 22]  have been able to account for several of 
the experimental observations and were in good qualitative agreement with experi-
mental observation. Agreement between experimental and theoretical activation 
energy  dE  is sufficient to validate the fundamental electrostatic activated tunneling 
model(s), which is recognizable as the basis of the coulomb blockade. However, 
questions remained before the problem of the mechanism of transport in granular 
metal film systems could be totally resolved:

  •  The absolute conductances are found to be orders of magnitude greater than 
theory.  

 •  Despite attempts to apply variable-range hopping concepts and percolation 
theory, the statistical effects of distributed  r  and  s  values, and island shapes, have 
yet to be included successfully.  

 •  It is unclear whether the high or low frequency dielectric constant should be 
used in  dE .  

 •  Experimental results described in the next paragraphs are inconsistent with 
existing theories, and indicate that major modification of the basic thermally 
activated tunneling mechanism is needed.    

 Borziak et al.  [23]  reported three significant experiments. With previously 
deposited electrodes, they were able to fabricate discontinuous films with different 
island structures immediately adjacent to the contact, with smaller islands and/or 
wider gaps. These symmetrical “inhomogeneous” films showed that the voltage 
drop is always greater at the positive end of the film. The second result was the 
observation of stable and reproducible switching in such films, but the explanation 
of this effect is still elusive. In the third experiment, the inhomogeneous films were 
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also made asymmetric, i.e., with different inhomogeneous structures at the two 
electrodes, whereupon the DC resistance became polarity dependent, i.e., a diode-
like effect. These results cannot be explained on the basis of conduction models 
discussed in last paragraph, and indicate that the conduction mechanism must 
depend significantly upon the islands at the electrodes  [24 ,  25] . 

 The asymmetric film study has been extended to AC effects by Morris  [25] . 
In the traditional model, the film is regarded as a matrix of identical island/gap 
elements, with the metal island resistance in series with the parallel combination of 

gap tunnel resistance  R  
g
  and capacitance  C  

g
 , where dE e C=

1

2
2 / g .  C  

g
  values deter-

mined by AC measurements on this model are universally orders of magnitude 
greater than those consistent with  dE . With the asymmetrical inhomogeneous 
film, two corner frequencies appear, yielding two distinct values for both  R  

g
  and 

 C  
g
 , corresponding to the two electrodes. In addition, the  C  

g
  values match well to 

capacitances between the electrodes and film across a single gap width. At 
extreme asymmetries, a “pseudo-inductive” effect makes an appearance, as one 
contact resistance becomes very large, representing a time delay to establish 
steady-state conductance in the film by injection of the charge carriers which 
account for the higher conductances than predicted by a Boltzmann distribution 
of charged islands  [26 ,  27] . These 2D effects are expected to be replicated in 3D 
cermet resistor films.  

  8.3  Physical Properties of Cr  x  (Sio) 1  −   x   and (Cr  x  Si 1  −   x  ) 1  −   y  N  y   
Nanostructured Resistors  

  8.3.1 Microstructure and Composition 

 All the Cr 
 x 
 (SiO) 

1− x 
  samples were sputter deposited from Cr–SiO targets in an Ar 

ambient. All the (Cr 
 x 
 Si 

1− x 
 ) 

1− y 
 N 

 y 
  films were deposited in Ar/N 

2
  ambients.  C  

N2
  is the 

nitrogen concentration in the Ar/N 
2
  mixtures. 

  8.3.1.1 Rutherford Backscattering Analysis 

 The chemical compositions of the samples were determined by Rutherford backscat-
tering (RBS). We confirmed the consistency of these data by energy dispersive X-ray 
analysis (EDX) by means of a LINK AN10000 EDS system attached to a JSM-840 
SEM. RBS is considered as likely to give the most accurate composition values since 
this method is quantitative from first principles and does not require elemental stand-
ards. The quantitative results of the EDX analysis are influenced by a series of effects; 
in particular, this method needs standards and various corrections. 
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 Table  8.1  shows the atomic concentration data from RBS measurements. Figure 
 8.3  shows the depth profile generated from the theoretical fitting to the experi-
mental data. The sample used in the RBS measurement is a 30-nm thick Cr 

 x 
 (SiO) 

1− x 
  

film deposited from a target with [SiO]/[Cr] = 80/20.    

  8.3.1.2  X-Ray Photoelectron Spectroscopy/Electron Spectroscopy
for Chemical Analysis (XPS/ESCA) 

 The purpose of the XPS analysis is to determine the chemical composition of 
annealed Cr 

 x 
 (SiO) 

1− x 
  films, evaluated at the surface and after ∼10-nm sputter etch. 

The experimental details of the ESCA analysis are listed as follows. 
 The ESCA data of samples deposited from a target with [SiO]/[Cr] = 80/20 with 

different nitrogen concentrations  C  
N2

  are shown in Table  8.2 . The survey spectra 
show the presence of Cr, Si, O, C, and N at the surface, as expected. The relative 
atomic percent of these species shown in the table matches the nitrogen partial 
pressure during the reactive sputtering very well. The carbon found in the films is 
from the target. No other species were detected.     

 Two peaks were identified in the region of Si. The low binding energy peak 
is suggestive of silicides or silicon, while the higher binding energy component is 
representative of silica type species. See Table  8.3  for relative amounts of Si 
species.      

  Fig. 8.3    Depth profile generated from the theoretical fitting to the experimental data       

 Table 8.1    Atomic concentration from RBS  

 Depth (nm)  N  O  Si  Cr  Si/Cr  Si/N 

 <32  5.03  45  31.0  16.5  1.88  0.59 
 32–274  –  67  33  –  –  – 
 >274  –  –  100  –  –  – 
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  8.3.1.3 Secondary Ion Mass Spectroscopy Analysis 

 The secondary ion mass spectroscopy (SIMS) analyses were performed on a PHI-
6600 quadrupole mass spectrometer with oxygen primary ion bombardment and 
using positive secondary ion mass spectrometry. 

 The peaks in the mass spectra, shown in Fig.  8.4 , have been assigned and 
indicate the presence of H, C, B, N, O, Cr, and Si in the sample. Figure  8.4  also indi-
cates that there are several forms of Cr existing in the film: metallic Cr, CrB, CrO, 
and Cr silicide (CrSi).   

  8.3.1.4 Transmission Electron Microscopy Analysis 

 The microstructure of the samples was investigated by transmission electron micro-
scopy (TEM). Samples for TEM studies were deposited on carbon-coated copper 
grids from Electron Microscopy Science or silicon nitride membrane windows™ 
grids from SPI. 

 Table 8.2    Relative atomic percent determined from ESCA survey spectra  

 N 
2
  partial pressure 

(mTorr) 
 Anneal tempera-
ture (K) 

 at% O  at% C  at% Si  at% Cr  at% N 

 0.8  540  28.1  1.29  44.07  19.84  6.67 
 0.4  450  16.07  0.63  57.06  22.66  3.56 
 0.1  No  12.66  0.45  59.67  25.41  1.81 
 0.8  540  25.87  3.86  45.37  17.91  6.98 
 0.4  400  13.65  1.39  61.76  19.31  3.89 
 0.8  540  26.66  0.85  48.09  18.08  6.32 
 0.4  400  14.62  0.88  62.49  17.61  4.4 
 0.6  450  15.59  2.14  58.89  18.5  4.88 
 0.4  No  10.95  0.3  65.3  19.37  4.08 

 Table 8.3    Relative amounts of Si species  

 N 
2
  partial pressure (mTorr)  100 eV  103 eV 

 Silicon  Silica 
 0.8  44.71  55.29 
 0.4  24.86  75.14 
 0.1  23.47  76.53 
 0.8  40.23  59.77 
 0.4  16.40  83.60 
 0.8  12.71  87.29 
 0.4  33.42  66.58 
 0.4  13.69  86.31 
 0.4   5.12  94.88 
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 For electron microscope studies, films of about 20-nm thickness were deposited. 
Figure  8.5  shows electron micrographs for two film compositions. Figure  8.6  shows 
electron diffraction diagrams of the same samples. Figure  8.5a, c  shows the struc-
ture observed as deposited at room temperature. In both cases, the films were found 
to be well amorphous with crystalline regions. The principal structures found in 
deposited films with [SiO]/[Cr] = 80/20 are a “cellular” microstructure of dark 
islands around 1–2 nm in size surrounded by medium of lighter contrast about 2–3 
nm wide. It is likely that the dark islands contain the high  Z  component of the film, 
i.e., the Cr. EDX indicates that the film is amorphous or that there is only very 
short-range order in the film, which is indicated by the diffuseness of the diffraction 
patterns. Figure  8.5b, d  shows the structures after annealing at 540°C in N 

2
  ambient 

for 0.5 h. Films with higher [SiO]/[Cr] ratios have finer metal island dispersions. 
Annealing has the same effect of islands growing coarser for both samples, but has 
the opposite effect of separation between islands for the samples. For the annealed 
samples, the microstructure remains similar to that of as deposited. However for the 

  Fig. 8.4    SIMS mass spectra of Cr 
 x 
 (SiO) 

1− x 
  film       
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film with [SiO]/[Cr] = 80/20, the island size grows from ∼1 to 2–4 nm and the 
spacing between islands increases from 2–3 to about 5 nm. The crystalline phase 
remains largely unchanged, especially as evidenced by little change seen in the 
diffraction pattern in Fig.  8.6b . For the sample deposited from a target with [SiO]/
[Cr] = 40/60, the island size grows from 2–4 to 5–10 nm and the spacing between 
islands actually decreases to <1 nm or some of the islands are connected to form a 
metallic pathways. These structural changes are also reflected in electrical meas-
urements on the samples prior and post-anneal. Based on the activated tunneling 
conduction model discussed above for granular metal, the film resistance  R  may be 
written approximately for effective tunneling barrier height  F  as

  Fig. 8.5    Transmission electron microscopy images of (Cr 
 x 
 Si 

1− x 
 ) 

1− y 
 N 

 y 
  films with  C  

N2
  = 0.5%: ( a )  x  

= 0.2, unannealed; ( b )  x  = 0.2, annealed at 540°C in N 
2
  ambient for 1.5 h; ( c )  x  = 0.6, unannealed; 

and ( d )  x  = 0.6, annealed at 540°C in N 
2
  ambient for 1.5 h       
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R C A s

E

kT
= +⎛

⎝⎜
⎞
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exp ,/f
d1 2

  
 (8.4)

  

where  A  and  C  are constants and the TCR,  a , is defined as 

 a
d

= = −
1 1

2R

R

T

E

k T

d

d
,    (8.5)  

  Fig. 8.6    Electron diffraction diagrams of (Cr 
 x 
 Si 

1− x 
 ) 

1− y 
 N 

 y 
  films with  C  

N2
  = 0.5%: ( a )  x  = 0.2, unan-

nealed; ( b )  x  = 0.2, annealed at 540°C in N 
2
  ambient for 1.5 h; ( c )  x  = 0.6, unannealed; and ( d )  x  

= 0.6, annealed at 540°C in N 
2
  ambient for 1.5 h       
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from which we see that the TCR becomes less negative as island radius increases. 
For the film with [SiO]/[Cr] = 80/20, the island radius  r  and spacing  s  both increase 
after annealing at 540°C.   

 Therefore, according to ( 8.4 ) and ( 8.5  ), the sheet resistance increases after annealing, 
and the TCR becomes less negative post-anneal. For the film with [SiO]/[Cr] = 40/60, 
the sheet resistance decreases after annealing, and the TCR changes sign from negative 
to positive post-annealed at 540°C. From Fig.  8.6d , it is observed that there are two pos-
sible charge transport paths in the annealed film with [SiO]/[Cr] = 40/60, these being:

   1.    Normal metallic conduction in the metallic capillaries  
   2.    An activated conduction process between the metallic islands     

 So, there are two parallel-independent conduction processes in this annealed 
film, which is the reason behind the sign change of its TCR. 

 The diffraction pattern in Fig.  8.6d  shows the presence of two new rings 
compared to the as-deposited sample. The change in the pattern indicates that a 
change is occurring in the film around this temperature. Crystalline grains of Cr and 
CrSi 

3
  were observed after 540°C anneal in N 

2
  ambient, which was also confirmed 

by the EDX analysis that will be presented later. 
 Figure  8.7  shows TEM images of four Cr 

 x 
 Si 

1− x 
  films deposited from different Cr 

composition, 10, 30, 50, and 60%, respectively. Figure  8.8  shows their correspond-
ing electron diffraction diagrams.   

  Fig. 8.7    High-resolution TEM (HRTEM) images of samples with different Cr compositions: 
( a ) 10%, ( b ) 30%, ( c ) 50%, and ( d ) 60%       
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 Figure  8.9 a, b  shows electron micrographs of an as-deposited (Cr 
 x 
 Si 

1− x 
 ) 

 y 
 N 

1− y 
  

film with  x  = 0.4,  y  = 0 and 0.1, respectively. The film thickness is 25 nm. The film 
consists of small Cr islands (dark areas), the mean diameter of which is around 
 d  = 2 nm, embedded in an amorphous Si matrix (light areas). Figure  8.9b  shows 
that the structure of the reactively sputter-deposited film is similar to that of the film 
deposited by pure Ar sputtering.  

 Most of the Cr islands in Fig.  8.7  are disconnected by small SiO bridges, so the 
film is below the percolation threshold. In a schematic representation, Fig.  8.10  
shows the structural properties of the Cr 

 x  
Si 

1− x 
  films, revealing both disconnected 

and connected Cr islands, simply given as circles in Fig.  8.10 . As identified in 
Fig.  8.10 , island diameters  r  and center-to-center distances  R  have been measured. 
From the corresponding mean value ( r ,  R ), the mean island separation  s  =  R  −  r  was 
calculated.  

 In Table  8.4 ,  x  is the Cr volume fraction,  t  the film thickness,  r  the mean particle 
diameter,  s  

 r 
  the standard deviation of  r ,  R  the mean center-to-center distance,  s  

 
R

 
  

the standard deviation of  R ,  s  the mean gap size between particles obtained from 
 s  =  R  −  r , and  s  

 
s

 
  is the standard deviation for  s .      

  Fig. 8.8    Electron diffraction diagrams of samples with different Cr compositions: ( a ) 10%, 
( b ) 30%, ( c ) 50%, and ( d ) 60%       
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  Fig. 8.9    Electron micrographs of (Cr 
 x 
 Si 

1− x 
 ) 

1− y 
 N 

 y 
  films: ( a )  x  = 0.4,  y  = 0 and ( b )  x  = 4,  y  = 0.1       

 
a b|----------| 20 nm

  Fig. 8.10    Schematic representation of Cr 
 x 
 (SiO) 

1− x 
  film       

 Table 8.4    Measured (unannealed) Cr 
 x 
 (SiO) 1− x 

  film parameters (defined in Fig.  8.10 )  

 Film   t  (nm)   r  (nm)   s  
 
r

 
  (nm)   R  (nm)   s  

 
R

 
  (nm)   s  (nm)   s  

 
s

 
  (nm) 

 1  20  4.3  1.61  4.65  1.54  1.69  0.59 
 2 ( y  = 0.1)  21  2.6  0.79  4.03  0.91  2.43  0.71 

 Cr/SiO = 60/40 
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 Cross-sectional HRTEM is also performed on Cr 
 x  
(SiO) 

1− x 
  films as deposited, as 

shown in Fig.  8.11 . No magnification markers are shown on the micrographs since 
the lattice fringes serve as scale markers (with the main spacing of the fringes corres-
ponding to the Si(111) planes, i.e., 0.313 nm). The specimens were tilted to the 
Si[110] zone axis to ensure that the Cr 

 x 
 (SiO) 

1− x 
  layer was viewed directly edge on. 

The images show the Si substrate, the oxide layer, the CrSi layer, and finally part of 
the passivation layer. A combination of high-resolution and diffraction contrast ima-
ging was used to enhance contrast of the layers, while still providing lattice images 
from which to accurately determine the size of metallic islands in the Cr 

 x 
 (SiO) 

1− x 
  layer 

and the layer thickness. While the boundary between the oxide and the Cr 
 x 
 (SiO) 

1− x 
  

layer is quite well defined, the top part of the Cr 
 x 
 (SiO) 

1− x 
  layer is somewhat diffuse, 

suggesting that the density of the Cr 
 x 
 (SiO) 

1− x 
  film varies along the growth direction. 

Diffraction contrast imaging reveals small dark regions, 1.5–2 nm in size, in the 
Cr 

 x 
 (SiO) 

1− x 
  layer. No lattice fringes are evident in this layer in any of the images. This 

matches the observations from top TEM images and indicates that there is no long-
range crystalline order within the Cr 

 x 
 (SiO) 

1− x 
  layer as deposited.    

  8.3.2 Temperature Dependence of Resistivity 

 Two systems were investigated in this study:

   1.    Cr 
 x  
(SiO) 

1− x 
  with various  x  values  

   2.    (Cr 
 x 
 Si 

1− x 
 ) 

1− y 
 N 

 y 
  with fixed  x  and various  y  values     

 It can be seen that the metal–insulator transition occurs by choosing proper  x  or 
 y  values. There are lots of data available on the first system but this study was the 
first investigation on the (Cr 

 x 
 Si 

1− x 
 ) 

1− y 
 N 

 y 
  system. 

  Fig. 8.11    Cross-sectional HRTEM image of a (Cr 
 x 
 Si 

1− x 
 ) 

1− y 
 N 

 
y

 
  film with  x  = 0.2 and  y  = 0, unan-

nealed       
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 The conductivity of the Cr–Si–N(O) films depends on temperature, Cr concen-
tration, and on the deposition conditions. In this system, the concentration  x  of the 
Cr is increased from zero; at a certain value of  x , the film structure changes from 
the dielectric regime to the metallic regime. It can also be explained that the states 
at the Fermi level become delocalized and a transition to the metallic state occurs. 

 Three regions (metallic, semiconducting, and transition) can be distinguished in 
the temperature dependence of the conductivity. The results for the Cr–Si–N system 
with [SiO]/[Cr] = 40/60 for various nitrogen concentrations  C  

N
  are shown in a  R ( T )/ R  

0
  

vs. log  T  plot in Fig.  8.12a  and log( R ( T )) vs.  T  −1/2  in Fig.  8.12b : sample with nitrogen 
concentration  C  

N
  = 2.6% is metallic, samples with  C  

N
  = 26 and 40% are semiconduc-

ting, and the sample with  C  
N
  = 12.6% should be classified as in the transition region. 

The results for the Cr–Si–N system with [SiO]/[Cr] = 80/20 for various  C  
N
  are shown 

in a  R ( T )/ R  
0
  vs. log  T  plot in Fig.  8.13a  and  R ( T ) vs. log  T  1/2  plot in Fig.  8.13b : samples 

with  C  
N
  = 2.6, 12.6, 26, and 40% are all to be classified as semiconducting.   

  Fig. 8.12    Cr–Si–N system with [SiO]/[Cr] = 40/60: ( a )  R ( T )/ R  
0
  vs. log  Tt  and ( b ) log( R ( T )) vs.  T  −1/2        
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  Fig. 8.13    Cr–Si–N system with [SiO]/[Cr] = 80/20: ( a )  R ( T )/ R  
0
  vs. log  Tt  and ( b ) log( R ( T )) vs.  T  −1/2        
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 The conductivity is shown as a log  R  vs.  T  −1/2  plots in Figs.  8.12b  and  8.13b . The 
semiconducting samples are well described by 

 

s s( ) exp
/

T
T

T
= − ⎛

⎝⎜
⎞
⎠⎟

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
1

0

1 2

   

(8.6)

  

(where  s  
1
  and  T  

0
  are constants) over only certain temperature regions, indicating 

again that the variable-range hopping theory is not applicable to all cermet systems. 
It can be seen that the results are qualitatively similar for both systems, but the 
semiconducting behavior for the silicon-to-chromium ratio of 40/60 sets in at much 
higher nitrogen concentrations than for a silicon-to-chromium ratio of 80/20. The 
decrease in  s  

1
  with increasing nitrogen concentration and increasing  T  

0
  should be 

noticed in Figs.  8.12b  and  8.13b . This is one important difference from the behavior 
of the binary system Cr 

 x 
 Si 

1− x 
 , in which  s  

1
  in the semiconducting region is the same 

for all as-deposited samples. Annealing has opposite effects on  s  
1
  between the 

binary systems with silicon-to-chromium ratio of 80/20 and 40/60. Annealing the 
Si 

1− x 
 Cr 

 x 
  samples leads to a decrease in  s  

1
  for the [SiO]/[Cr] = 40/60 system but an 

increase in  s  
1
  for the [SiO]/[Cr] = 80/20 system. The change of  s  

1
  can be inter-

preted as a consequence of the formation and growth of metallic clusters. In this 
interpretation, the size of metallic clusters in Cr–Si–N films should increase with 
increasing  C  

N
 . The increase in  T  

0
  with  C  

N
  implies an increase in the distance 

between the metallic clusters. Thus, the dependence of the parameters  T  
0
  and  s  

1
  of 

( 8.6 ) on  C  
N
  can be explained by an increase in both the average size and the separa-

tion of the metallic clusters with  C  
N
 . 

 Note that Neugebauer  [28]  demonstrated consistency in resistivity variations 
with composition between M–SiO and M–SiO 

2
  cermets (where M represents a 

variety of metals) if the M–SiO data are reinterpreted as M/Si–SiO 
2
 , i.e., if the 

excess Si is regarded as adding to the metallic content. Cr cermets were included in 
the study, but are significantly more complex than the noble metal cermets, due to 
the formation of Cr silicides and oxides.  

  8.3.3 I–V Characteristics 

 There are two kinds of test structures, lateral and vertical, on which  I–V  character-
istics were measured. Figure  8.14  shows these two structures schematically. Figure 
 8.14a  shows the lateral test structure and Fig.  8.14b  shows the vertical one. For the 
lateral structure, two Al electrodes 50 × 100 µm and 110-nm thick were first depos-
ited onto a Si substrate through a mask. A Cr 

 x 
 (SiO) 

1− x 
  film was then deposited by 

the cosputtering of SiO and Cr. The volume fraction of Cr was controlled by varying 
the number of Cr strips placed on a Si target during the cosputtering. The thickness 
of the film was varied from 10 to 15 nm. The substrate was kept at ambient 
temperature during the sputtering. For the vertical test structure, a bottom electrode 
is deposited first. Then, the Cr 

 x 
 (SiO) 

1− x 
  film is deposited.  
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 Figure  8.15  shows typical  I–V  characteristics of a vertical Cr 
 x 
 (SiO) 

1− x 
  granular 

film test structure shown in Fig.  8.14b . The thickness of the Cr 
 x 
 (SiO) 

1− x 
  film is about 

10 nm. As the temperature decreases, step-like structures appear in the  I–V  curve. 
Similar step-like  I–V  curves have been reported for the system containing nanopar-
ticles  [29 – 31] . The observed step structures can be explained by the Coulomb 
blockade (CB) and Coulomb staircase (CS). Electrons transport between metal Cr 
islands by thermal-activated tunneling. When tunneling occurs, the charge on the 
island suddenly changes by the quantized amount  e . The associated change in the 
Coulomb energy is conveniently expressed by the approximate form of ( 8.2 )

  Fig. 8.14    ( a ) Lateral and ( b ) vertical test structures for  I–V  characteristics       
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  Fig. 8.15     I–V  characteristics of a vertical Cr 
 x 
 (SiO) 

1− x 
  granular film test structure at different test 
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d

pe e
E

e

r
=

2

04 r

,
   

(8.7)
  

where  ε  
r
  = 3.8 is the relative dielectric constant of the SiO 

2
 . From the TEM images, 

it can be seen that a typical island radius  r  = 2 nm. The charging energy is ∼0.59 eV, 
which is easily resolvable even at room temperature. However, in present samples, 
the electron transport across the film occurs via Cr islands. Since the device size is 
very large (50 × 50 µm), a very large number of parallel local current paths exist 
between the two electrodes. In each current path, there are only a few metal islands, 
assuming evenly distributed Cr islands with diameter = 2 nm and gap sizes between 
islands = 1 nm,  n  < 3. The local transport property of each path will be controlled 
by the charging energy of the islands contained in it, and the CB and CS structures 
will appear on the  I–V  curve of each local path. Such local transport properties of 
granular metal films can be studied by scanning tunneling microscopy (STM), and 
the observation of CB and CS structures has already been reported  [32 – 34] .  

 In contrast to the previous local transport measurements by STM, the  I–V  curves 
obtained from the lateral test structure shown in Fig.  8.16  reflect the macroscopic 
conductance of the whole system. If each local path in a large device has a similar 
conductance, the CB and CS structures observed for many paths will be smeared 
out by averaging the conductance of many paths. On the other hand, if the conduct-
ance of the local paths is distributed over many orders of magnitude, the macroscopic 
conductance of the films under low bias voltage is considered to be determined by a 
special path with the largest conductance. In this case, the CB and CS structures are 
expected to be observable even for a macroscopic size device.  

  Fig. 8.16     I–V  characteristics of a lateral Cr 
 x 
 (SiO) 

1− x 
  granular film test structure at different test 

temperatures: ( a ) 293 K, ( b ) 250 K, ( c ) 180 K, ( d ) 120 K, and ( e ) 77 K       
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 The current–voltage characteristics obtained in this study yield a power-law 
dependence over a wide temperature range. The steady-state current may be 
expressed as a function of bias voltage  V  and temperature  T : 

   I f V T= ( , ).    (8.8)   

 The total derivative is 

   
d d dI

I

V
V

I

T
T

T V

=
∂
∂

+
∂
∂

.
   

(8.9)  
 

 The term

g
I

VT
T

=
∂
∂

 

 is the small signal conductance at constant temperature. From Figs.  8.13  and  8.16 , 
for constant bias voltages, 

   I m T IV| ,= +1 0    (8.10)  

 g m T gV V| .= +2 0    (8.11)   

 From Fig.  8.16 , for constant temperature, 

 g m V gT T| ,= +3 0    (8.12)  

where  m  
1
 ,  m  

2
 ,  m  

3
 ,  I  

0
 ,  g  

0 V 
 , and  g  

0 T 
  are small signal constants. Substituting in ( 8.9 ) 

yields 

 d d dI m V g V m TT= + +( )3 0 1      (8.13)  

assuming  g  
0 T 

  = 0 and hence, 

 
I m

V
m T V T= + −3

2

12
0[ ( ) ( )].

   (8.14)   

 This equation would be expected to hold over the linear regions of the above 
results. However, it would not be expected to hold for bias voltages approaching 0 
V, and for higher temperature. Equation ( 8.14 ) can also be rewritten as

   I AV BV= + 2 ,    (8.15)  

Morris_Ch08.indd   Sec20:158Morris_Ch08.indd   Sec20:158 9/29/2008   8:42:24 PM9/29/2008   8:42:24 PM



8 Nanostructured Resistor Materials 159

where  A  and  B  are temperature-dependent constants. This dependence suggests that 
the total current consists of two components: one ohmic in nature and the other 
more akin to a space charge-limited flow. 

 The tunneling process between islands can be expressed by rewriting ( 8.8 ) as 
following: 

   I V T V E kT( , ) exp( / )∝ −d    (8.16)  

which corresponds to the ohmic term in ( 8.15 ). Now, if there is a capacitance  C  
g
  

associated with the two metal particles, then a space charge will exist in the dielec-
tric given by 

   Q C V= g ,    (8.17)  

where  V  is the voltage drop between the islands. Assuming that this charge can 
move in the insulator by a tunneling process between traps, then the space charge 
contribution to the current is given by 

 I C Vs g= / ,t    (8.18)  

where  τ  is the transition time.  τ  is inversely proportional to the transmission proba-
bility  D , which is directly proportional to  V . Thus, we arrive at the relationship 

   I V∝ 2 .    (8.19)   

 Equations ( 8.16 ) and ( 8.19 ) can be combined to give an overall  I–V  characteristic 
of the form suggested by ( 8.15 ).The observed temperature dependence above can 
be explained well by the tunneling theory by taking into account the electrostatic 
charging energy of metal islands. 

 The CB suppression of current around the zero voltage region is clearly observed 
from the current–voltage ( I–V ) characteristics in Figs.  8.15  and  8.16 , especially at 
the low-temperature measurements at 77 K. It is also found that the observed struc-
tures in  I–V  curves vary from one sample to another, even for samples prepared 
under the same conditions. This suggests that the transport in metal granular films 
is a highly selective process and that the transport is dominated by only a few special 
paths with the largest conductance. In Fig.  8.15 ,  I–V  curves are shown for the vertical 
sample. A CB and the CS step structure with a periodic step width of about 10.4 
mV are clearly seen. Each step corresponds to the incremental charging of a 
nanoparticle by a single electron. The step width of 104 mV ( kT ) corresponds 
to a capacitance of 1.6 × 10 −18  F. Since the tunneling resistance is very sensitive to 
the barrier width, the current path with the largest conductance is expected to 
contain a particle whose size is in the large-size tail of the particle size distribution. 
The diameter of the largest particle that was found from the HRTEM image of 
Fig.  8.17a  (plane view) and Fig.  8.17b  (cross-section view) is about 5 nm. Taking the 
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dielectric constant of the SiO 
2
  barrier as 3.9, the capacitance of a Cr nanoparticle 

with respect to the Al electrode is estimated to be 1.5 × 10 −18  F by the image charge 
method, which is in good agreement with the experimental value. The agreement 
supports that the macroscopic conductance of sample 1 is governed by a single path 
containing a serial connection of two Cr nanoparticles of about 5-nm diameter.        
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   Chapter 9   
 Nanogranular Magnetic Core Inductors: 
Design, Fabrication, and Packaging       

     Gopal   C.   Jha ,  Swapan   K.   Bhattacharya(*ü ),     and    Rao   R.   Tummala      

  9.1 Introduction  

 Technological advances often lead to a transition when the vision of the past no longer 
remains a vision and becomes the demand of the present. Miniaturized, cost-effective, 
and mega functional devices are the present day’s demand. With Moore’s law driving 
the miniaturization of active devices, passive components have been left behind. As the 
trend continues toward miniaturization, electronic industries are experiencing an 
immense demand for miniaturized and more efficient passive components. 

 Presently, high-end electronic devices are composed of almost 90% passive 
components, taking up almost 70% of the total board area  [1 ,  2] . Inductors are 
important passive elements readily used in military, communication, automotive, 
computer, and other portable devices. They are of utmost importance for high fre-
quency applications, especially in wireless/radio communication devices. “Inductor” 
is a generic term for components having specific inductance that can be used to 
store energy in the form of a magnetic field  [3] . They cover a wide range of applica-
tions including DC–DC converters, voltage-controlled oscillators, clocks, filters, 
power amplifiers, low noise amplifiers, voltage regulator modules, phase-locked 
loops, and point of load converters. 

 Recently, significant attention has been given to achieve high-quality factor 
(Q-factor) inductors with significant size and cost reduction. Various works have 
been carried out by different research groups to bring out an efficient way for more 
compact packaging. Efficient designs have been made and studied to increase the 
quality factor and inductance of the devices, including innovative designs reported 
by Patranabis et al.  [4] , Park and Allen  [5 – 7] , and Chuang et al.  [8] . Yamaguchi et 
al. studied and reported microslits  [9 ,  10]  and surface planarization  [11] . Allen  [12]  
studied microelectromechanical system (MEMS)-based inductors. However, the 
hunt for high-quality factor and high inductance has never ceased. 

 This chapter presents a comprehensive review of inductor research, including 
design, fabrication, material, characterization, and packaging, with special attention 
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to recent advances in nanogranular magnetic materials for high performance induc-
tive cores. Air core inductors are generally preferred over magnetic core inductors, 
where loss is of significant concern. For magnetic cores, however, high permeability 
to achieve inductance, high saturation magnetization to avoid dramatic decrease in the 
inductance, low coercivity, high resistance to avoid eddy current loss, and high fre-
quency characteristics have been identified as key parameters that can significantly 
decrease the number of windings needed to achieve required inductances, and thus 
could catalyze the effective miniaturization of devices. Low dimensionality, small 
length scale leading to enhanced exchange coupling, and ease of tailoring properties 
through additional degrees of freedom make nanogranular magnetic materials an 
attractive choice in achieving a high degree of compactness for such high perform-
ance devices  [13] . The enhanced properties at nanoscales, however, do not fit well 
with the classical theory of magnetism. Significant works on modeling of local ani-
sotropy and exchange interactions between constituents in nanostructures by Herzer 
et al. are important in this regard  [14 ,  15] . In this chapter, we have attempted to give 
an insight to the basic concepts of evolution of novel magnetic properties in nanoma-
terials. Furthermore, the translation of research into the mainframe product can only 
be possible if a cost-effective and well-defined fabrication process can be designed. 
Demands for nanostructured materials call for advanced sample growth techniques 
such as sputtering, plasma-enhanced deposition processes, and electron-induced dep-
osition as well as patterning techniques to achieve feature sizes of the order of nanom-
eters, beyond the limits of conventional photolithography  [13] . Compatible fabrication 
processes are also discussed briefly in this chapter.  

  9.2 Inductor Design  

 Performance of a device depends upon two key factors – design and inherent mate-
rial properties. Design is an important parameter that takes care of electrical, 
mechanical, and reliability issues. A novel design with careful packaging can dra-
matically enhance the performance of the device, which would not be possible with 
just a simple design backed up by inherent material properties. Number of turns, 
width of metal traces, spacing between them, inner and outer diameters are some 
of the important design parameters. Various designs have been proposed to achieve 
high-quality factor. This section reviews some of the important designs. 

  9.2.1 Spiral Inductor 

 Spiral inductors are the most widely studied, which can be attributed to their high 
efficiency and simple fabrication process. This design renders a very high-quality 
factor due to the ease in attaining very large core cross-sectional areas. Air core and 
magnetic core spiral inductor designs have been studied by various researchers. 
Yamaguchi et al. proposed variations in the design, including closed magnetic 
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9 Nanogranular Magnetic Core Inductors 165

circuit type spiral inductors  [10] , sandwiched spiral inductors  [16] , on-top type 
 ferromagnetic spiral inductors  [17] , microslit spiral inductors  [9 ,  10] , and surface 
planarized spiral inductors  [11] . They also reported various patterned spiral inductors 
for better performance  [10] . A number of magnetic cores have been studied with spiral 
inductors, including Co–Zr–Nb  [18] , Co–Fe–B  [19] , Co–Fe–B–N  [20] , and Fe–Hf–N 
 [21] . A quality factor of more than 10 was reported for all these inductors. Spiral induc-
tors are designed in different shapes including square, hexagonal, octagonal, and circu-
lar  [22] . Figure  9.1  illustrates schematics of some of them. Polygonal spiral inductors 
have been reported to render higher quality factor and performance.  

 In recent years, RF technology has identified CMOS as the enabling technology. 
There are, however, concerns due to conducting substrates which limit the use of 
inductors. Hizon et al.  [23]  have proposed several polygonal designs of monolithic 

  Fig. 9.1    Polygonal spiral inductors: ( a ) square, ( b ) hexagonal, and ( c ) octagonal (© IEEE 1999)  [22]        

  Fig. 9.2    Comparative extracted quality factors of 3-nH square and octagonal spiral inductors (© 
IEEE 2005)  [23]        
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spiral inductors for very high frequency applications. Figure  9.2  illustrates the 
comparison between the performances of square and octagonal inductors. As is 
evident, the quality factor of octagonal spirals is higher than that of square spirals 
due to small series resistance that is extracted in octagonal spiral inductors. 
Octagonal structures have also been reported to have lower shunt capacitance 
because of their more hollow structure.  

 Inductance ( L ) of a spiral inductor depends on several parameters including the  
number of turns ( N ), and fill ratio ( R  

Fill
 ) that is defined as the ratio of the difference 

between outer and inner diameters to the average diameter ( D  
Avg

 )  [22] , as evident from

     L ND R= r L Avg Fillln( ),8    (9.1)

where  r  
L
  is a material-dependent constant. Therefore, an optimization of all the 

above-mentioned parameters is necessary to insure high performance of the device.  

  9.2.2 Toroidal Inductors 

 Liakopoulos and Ahn  [24]  proposed a novel design for toroidal inductors for high 
current and power electronic applications as can be seen in Fig.  9.3 . Some of the 
important design parameters for such kind of inductors include number of turns 
( N ), coil length ( L  

coil
 ), length of air gap ( L  

gap
 ), relative permeability of core materials 

( µ  
rel

 ), effective magnetic path area ( A  
mag

 ), and effective gap area ( A  
gap

 )  [24] . A theo-
retical expression for effective inductance can be given by  [24]  

     

L
N

L

A

L

A

=
×

+

−0 4 10 8 2.
.

p

m
coil

rel mag

gap

gap    

(9.2)

  

 Evidently, the inductance is expected to increase with increase in the number of coil 
turns. Also, it should be noted that increase in air gap and effective magnetic path 
area can enhance the inductance of the device. 

  Fig. 9.3    Different designs of toroidal inductors: ( a ) core without air gap, ( b ) core with an air gap, 
and ( c ) core in a spiral shape (© IEEE 2005)  [24]        
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 Inductors with planar permalloy cores with no air gaps were reported to have 
 inductance values of more than 10 µH and a DC resistance as low as 1–4 Ω at low fre-
quency (<2 kHz), thus making them suitable for power applications  [24] . However, the 
inductance decreased drastically at higher frequency. High frequency performance 
could, however, be enhanced by introducing an air gap in the core and also by introduc-
ing spiral cores instead of planar cores. Both of the above designs introduce air gaps in 
the magnetic flux path and thus reduce the eddy current loss at high frequencies.  

  9.2.3 Solenoid Inductors 

 Most discrete inductors are of the solenoid type. Such inductors offer high induct-
ance, high-quality factor, and low DC resistance  [25] . However, inefficient packag-
ing and high leakage current at high frequency make them less attractive. In 
addition, parasitic effects resulting from conductor line spacing and dielectric con-
stant of the substrate are of major concerns. Edelstein and Burghartz  [26]  reported 
comparison between magnetic performances of spiral and solenoidal inductors. 
They reported that the magnetic fluxes in the solenoid type inductors are mostly 
associated with the coil itself and thus they are less prone to eddy current loss as 
compared with spiral inductors. However, the substrate losses are reported to be 
comparable with those in spiral inductors.  

  9.2.4 Inductors with Microslits 

 At high frequency applications, as in wireless and communications, losses are key 
parameters. Due to material considerations, air cores are preferred over ferromag-
netic cores. However, a ferromagnetic core with high permeability can achieve high 
inductance and thereby reduce the number of windings needed for a specific appli-
cation. Novel designs have been proposed to minimize the losses of a magnetic core 
including introduction of microslits in the core material along the easy axis. 
Microslits introduce attributes that artificially control the shape anisotropy and 
magnetostatic energy to avoid ferromagnetic resonance (FMR) at high frequency 
 [9] . Such designs, in addition, reduce the eddy current loss and leakage flux to a 
significant extent by ensuring fully closed magnetic circuits  [27] . Reduction of 
leakage flux is vital as the leakage flux interferes with the electronic circuits and 
does not contribute to the effective inductance. There are various parameters that 
dictate the design of microslits and assure high-quality factors. These include com-
patibility of microslit fabrication with existing technology, thermal stresses and 
stability, easy axis orientation associated with demagnetization and domain config-
uration, geometrical design, leakage flux, and stray capacitance  [10] . 

 Microslit inductors are fabricated on ferromagnetic film by patterning. The sim-
plest pattern (shown in Fig.  9.4a ) consists of microslits along the easy axis  direction. 
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Width and spacing of the microslits and judicial selection of the ferromagnetic core 
are key parameters that determine the anisotropy field, effective demagnetization 
field ( N  

d
 ), FMR, inductance, and quality factor ( Q )  [9] .  

 Various research groups have demonstrated enhanced performance with micros-
lited inductor cores. Yamaguchi et al.  [9]  reported micropatterned sputter-deposited 
CoNbZr ferromagnetic films of 200-nm thickness with an enhanced anisotropy 
field of 70 Oe as compared with the intrinsic value of 10 Oe. Similarly, the FMR 
was reported as high as 2.5 GHz with microslit of thickness 200 nm, width 20 µm, 
and 4-µm spacing, as a result of the microslits’ introduction. Also, the quality factor 
was improved. Similar work on micropatterned FeAlO films showed an increase in 
the quality factor (from 5.6 to 7.7) at 1 GHz for a 2,000-nm slit due to effective 
reduction in the resistance  [17] . 

 The aforementioned unidirectionally patterned film, however, utilizes only half 
of the total area available on the film. Performance of the device can be increased 
further by an improved design that can make use of more area. Such design consists 
of preferential micropatterning to form bidirectional microwire arrays as shown in 
Fig.  9.4b   [28] . Preferential micropatterning helps split the easy axis into two differ-
ent directions making use of the high shape anisotropy of the film. This arrange-
ment makes the full area of the film active through the excitation of the hard axis. 
In addition, it further raises the FMR frequency. 

 Typical fabrication flow for such micropatterns involves deposition of thin mag-
netic film followed by ion milling or photolithography for micropatterning. 
Yamaguchi et al.  [28]  reported such bidirectional microslit fabrication on 100–300 
nm thick amorphous Co 

85
 Nb 

12
 Zr 

3
  film, deposited by radio frequency magnetron 

sputtering, using ion milling. Such a patterned structure was reported to render coer-
civity as low as 0.4–0.7 Oe. Moreover, the effective anisotropy field was improved; 
for 100-nm film, it was noted as high as 30 Oe. The frequency profile also improved. 
Real permeability did not show any degradation at higher frequency as compared to 
vertically aligned inductors with no slit. Almost 11% increase in the inductance (7.5 
nH) over that with an air core inductor was also noted with a 5-nm thick underlayer 

  Fig. 9.4    Inductor core with patterned microslits: ( a ) unidirectional slits along the easy axis direc-
tion  [9]  and ( b ) bidirectional micropatterns (© IEEE 2000)  [28]        
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of Ti. The quality factor (6.3) was comparable to that of an air core. Baba et al.  [29]  
reported even larger inductance of 8.2 nH in a bidirectional patterned film with a 
10-µm line and 1-µm space, which was twice as large as that in a similar inductor 
with a uniaxial magnetic film. It should be noted that this is attributed to the variation 
in slit width and other parameters. As described before, slit width is one of the 
parameters that dictates the quality factor and the inductance of the pattern  [28] . 
Figure  9.5a ,  b  illustrates the frequency-dependent quality factor and inductance of 
such bidirectional microslits at various slit widths. Also, it compares the values with 
air core inductors. As evident from Fig.  9.5a , a magnetic core has a higher induct-
ance than an air core at all frequency ranges of interest. Introduction of microslits, 
however, witnesses a decrease in inductance in the low frequency range. The amount 
of drop in inductance increases with increase in the slit width. Nevertheless, a sig-
nificant enhancement in the quality factor is observed with micropatterns (Fig.  9.5b ). 
Increase in slit width further increases the quality factor.  

 Introduction of orthogonal bar slit patterns or cross-slit patterns, instead of par-
allel slits, can also increase the available magnetic film area utilization  [11] . 
Schematics of such designs are shown in Fig.  9.6a  and  b , respectively.  

 Yamaguchi et al.  [11]  studied such designs on conventional Al–Si spiral coils with 
Co 

85
 Nb 

12
 Zr 

3
  film cores. Figure  9.7a ,  b  illustrates the magnetic performances of such 

designs. As evident from Fig.  9.7a , the inductance with no-slit and cross-slit patterning 
is 21% larger than that of air core inductors. Peak inductance is achieved at 1.3 GHz. 
Also, it can be noted that cross-slit patterns have the highest inductance as compared 
with orthogonal bar slit and parallel slit patterns. The FMR frequency is shifted toward 
higher frequency range through an artificially controlled demagnetizing field and mag-
netostatic energy. A decrease in the eddy current losses was also noted. However, the 
quality factor witnessed a decrease due to large resistance (Fig.  9.7b ).   

  Fig. 9.5    Magnetic characteristics of bidirectional micropatterned CoNbZr film: ( a ) inductance 
and ( b ) quality factor (© IEEE 2000)  [28]        
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  9.2.5 Surface Planarization 

 Surface roughness on the inductor coil deteriorates the magnetic performance of the 
inductor. Surface planarization was found to be effective in raising the inductance 
and the quality factor simultaneously  [11] . Surface planarization reduces the surface 
roughness and thus makes the gap between coil and magnetic film nearly constant 
and small. Yamaguchi et al.  [11]  achieved surface roughness as low as 1.2 nm using 
surface planarization. A significant enhancement in the inductance was reported up 
to 2 GHz. Planarized inductors were measured to have inductance values as high as 
8.26 nH at 1 GHz (22% larger than that of the air core and 2% more than the non-
planarized inductor). This increase in the inductance is attributed to the enhanced 
magnetic field near the magnetic film due to the decrease in the coil to film gap. The 
quality factor also showed a 14% increase as a result of planarization.  

  Fig. 9.6    Micropatterned inductors: ( a ) with orthogonal bar slits and ( b ) with cross-slits (© IEEE 
2000)  [11]        

  Fig. 9.7    Magnetic characteristics of inductors with various slit patterns: ( a ) inductance as a func-
tion of frequency and ( b ) quality factor as a function of frequency (© IEEE 2000)  [11]        
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  9.2.6 Closed Magnetic Circuit Type Inductor 

 Yamaguchi et al.  [10]  reported that the performance of a magnetic core spiral 
inductor can be improved by an optimized arrangement of patterned magnetic films 
against the spiral legs. They studied different arrangements of patterned films and 
compared the results with nonpatterned films. Figure  9.8  shows various arrange-
ments of patterned films.  

 Plain film inductors are provided with no slit patterned on the magnetic film and 
nonterminated top and bottom magnetic film edges. The aligned type faces the leg 
of the spiral. The shift type faces the gaps of each leg, and the closed magnetic cir-
cuit type is equivalent to the aligned type with terminated top and bottom magnetic 
film edges. In-plane eddy current loss becomes prominent in the shift type arrange-
ment, as the middle of the coil leg, where the leakage flux attains a maximum, faces 
the gap between the magnetic films. Similarly, stray capacitance is dependent on the 
film arrangement. Any voltage difference between the coil turns causes a displace-
ment current. Plain type and shift type arrangements shunt the displacement current 
caused by voltage difference, which might result in a low self-resonant frequency 
 [10] . The comparative performance of each arrangement is shown in Fig.  9.9 . As is 
evident, the plain, closed, aligned, and shifted type arrangements show inductance 
in decreasing order. Due to overlap between the two ferromagnetic layers, the closed 
type has a lower FMR frequency than that observed in either shift or aligned induc-
tors. Nevertheless, it is higher than that of plain film inductors. The air core inductor 
resonates at 15 GHz, whereas the self-resonant frequency of the ferromagnetic 
inductor was found to be 10 GHz, with the FMR frequency in the range of 1–3 GHz 
due to stray capacitance and inductance. The resonant frequency values are in 
increasing order with plain film inductor, shifted, closed, aligned, and air core induc-
tors. The resonant frequency is dictated by the inherent conductivity of the film. The 

  Fig. 9.8    Cross-sectional view of relative position of magnetic film with respect to the spiral leg  [10]        

a. Air core 
inductor 

b. Magnetically
aligned inductor 

c. Magnetically 
shifted inductor 

d. Magnetically
closed inductor 

Magnetic Film Coil  
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highest air core resonant frequency is attributed to the absence of any conductive 
film. An additional terminating structure between two ferromagnetic films in the 
aligned type introduces added stray capacitance, and thus they resonate at lower val-
ues than closed and aligned types. Plain inductors have the largest electrodes, result-
ing in the highest stray capacitance, and thus the lowest resonant frequency value.  

 DC resistance was recorded in decreasing order with closed, aligned, shifted, and 
air core. As the resistance is inversely related to the quality factor, the shifted type 
showed higher quality factor (as high as 13) than others as evident from Fig.  9.9b . 
However, a localized decrease in the quality factor at 3 GHz was noted due to FMR.  

  9.2.7 Composite Planar Inductor 

 The need for miniaturized inductors with low DC resistance and high rating current 
has stimulated research in thin film composite inductors. Yamaguchi et al.  [16]  pro-
posed sandwich structures to increase the quality factor of the inductor. The Vishay 
Group  [30]  makes high-quality inductors by pressing low permeability iron–resin 
composites and magnetowire coil together. The iron powder, however, has been 
reported to be very prone to oxidation and thus requires a passive layer. Also, the 
inductor is very thick (3 mm), which limits the size of the device  [30] . Kowase et al. 
 [31]  proposed a composite magnetic core of Mn–Zn ferrite/polyimide to avoid this 
problem. This film was reported to have very large saturation magnetization ( M  

s
 ) of 

about 2 kG and was still not saturated even at large magnetic fields up to 2.5 kOe. The 
proposed structure consisted of two designs: type 1 with an inner square spiral coil 
between a top and bottom composite magnetic film core and type 2 a planar inductor 
with the same spiral core between a top composite magnetic core and a bottom 1-mm 
thick Ni–Zn ferrite substrate. The design is schematically illustrated in Fig.  9.10 .  

  Fig. 9.9    Comparative evaluation of magnetic characteristics of various inductors as a function of 
frequency  [10]        
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 It was found that the inductance increased with the film thickness. For type 1, 
the saturation was reached at 300 µm whereas the type 2 planar inductor still 
recorded increase even in thicker conditions. This difference is attributed to the 
high permeability ferrite substrate layer. They also reported larger than threefold 
increase in inductance in type 2 as compared to the air core inductor as evident from 
Fig.  9.10c . The quality factor also improved (Fig.  9.10c ).  

  9.2.8 Suspended Air Core Design 

 Losses and parasitics are prime packaging design issues. These issues have been 
addressed by using suspended air core inductors. Air gaps reduce the winding 
capacitance, which results from the spatially separated coils from the central lead 
as in spiral coils. In addition, the DC handling capacity is improved before satura-
tion takes place. A schematic of such design is shown in Fig.  9.11 . Goldfarb and 
Tripathi  [32]  reported such suspended spiral inductor in integration with a transistor 
using air bridge technology. A 3-µm gap between the inductor and the substrate was 
achieved.  

 Park and Allen  [7]  reported an improved design for a suspended inductor with air 
core using surface micromachining. The air gap between the inductor and the sub-
strate was made as high as 60 µm and a thick electroplated conductor line of copper 
was also deposited. Thick conductors improved the quality factor. They also demon-
strated LC filters based on these inductors. The advantage of this design over the air 
bridge technique is that a large air gap can be maintained with the help of plated 
copper. Moreover, thick copper plating increases the cross-sectional area and thus 

  Fig. 9.10    Composite magnetic core inductor: ( a ) an inner square spiral coil between a top and 
bottom composite magnetic film core, ( b ) a planar inductor with the same spiral core between a 
top composite magnetic core and a bottom 1-mm thick Ni–Zn ferrite substrate, and ( c ) comparison 
of magnetic performances of type 2 inductor with air core inductor (© IEEE 2005)  [31]        
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decreases the DC resistance. Chang et al.  [33]  also reported suspended inductors on 
silicon, where the air gap was introduced by selective etching of silicon under the 
inductor coil to minimize the effect of lossy silicon. Another air gap spiral inductor 
structure was reported, which used glass microbump bonding (GMBB), by Chuang 
et al.  [8] . Kim and Allen  [34]  also investigated the effect of air gaps in solenoid 
inductors. The air gap was introduced using micromachining and electroplating.   

  9.3 Fabrication Techniques  

 A cost-effective and well-defined fabrication process is needed to translate the 
research into useable product. Demand for nanostructured materials calls for 
advanced sample growth techniques such as sputtering, plasma-enhanced deposi-
tion processes, and electron-induced deposition as well as patterning techniques to 
achieve feature sizes of the order of nanometers, beyond the limits of conventional 
photolithography  [13] . The overall fabrication process of an inductor with a 
nanogranular magnetic core consists of thin film deposition, patterning, surface 
treatment whenever necessary, and annealing (magnetic field and/or temperature 
annealing). Various thin film deposition processes including radio frequency mag-
netron sputtering (RFMS), electroplating, and plasma-enhanced chemical vapor 
deposition (PECVD) have been studied for the deposition of magnetic thin films. 
Electroplating, nonetheless, is the most popular choice – due to its low cost, sim-
plicity, and low temperature process. Electroplating involves deposition of materi-
als on a conducting surface under the influence of an electric current. This is 
particularly useful for post-lithography processing. Electrodeposition, however, is 
not very suitable for generating complex stoichiometry. For complex stoichiometric 
magnetic thin films, RF sputtering has been studied the most. Spin coating and sol-
gel processes have also been reported for the deposition of polymeric composite 
materials as the magnetic core. Recently, spin-sprayed magnetic thin films have 
drawn significant attention  [35 – 39] . Patterning is a very important process for the 
design of conductors as well as the magnetic films. Patterned magnetic films 
increase the high frequency characteristics of inductors as described in Sect.  9.2 . 
The shape anisotropy and DC resistance can be artificially enhanced by suitable 

  Fig. 9.11    Suspended air core inductor (© 
IEEE 1999)  [7]        
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patterning. This enables the designer to design tunable inductance profiles in a  single 
film  [13 ,  40] . Moreover, closure domain structures at the edges of patterned film 
can also be suppressed  [40] . A suitable design with very small feature size is only 
possible with advanced lithographic techniques. Martin et al.  [13]  have done a 
comprehensive review on lithographic processes. Several modifications have been 
reported to make lithography more compatible with materials and technologies. For 
fabrication of multilayer 3D microinductor components, a new lithography tech-
nique (UV LIGA) has been developed  [24] . Other patterning processes include 
micromachining  [7]  and ion milling  [10] . Surface micromachining is a low cost 
fabrication process compatible with integrated passive technology. Micromachining 
has been readily studied to fabricate suspended inductors. Predeposition of a sacri-
ficial layer (e.g., polyimide) is another technique to fabricate suspended cores. 
Advances in MEMS technology have been extended to the fabrication of inductive 
components. Recently, a new class of fabrication process has been reported based 
on MEMS technology  [12] . 

 RF inductors usually require a domain structure along the length of the wire. 
Various kinds of annealing treatment are done to align the domain including non-
magnetic field annealing, static magnetic field annealing, and rotational magnetic 
field annealing.  

  9.4 Nanogranular Magnetic Core Materials  

 High efficiency, greater compactness, and multimega functionality are the driving 
needs of the electronic industries. Inductors are represented as bulky components 
unless realized as embedded thin films. Reduction of size in the inductors without 
distorting performance is possible with the discovery of new high performance 
materials as magnetic cores  [41] . High permeability and enhanced magnetic flux 
bring down the overall size by reducing the number of turns. Resulting reduction in 
the coil length decreases the coil loss. Size reduction improves the resonant fre-
quency also. Stray capacitance decreases as a result of low coil length. Also, the 
eddy current loss could be minimized as the magnetic flux is mostly associated with 
the core. This brings down the required thickness of insulator between coil and 
substrate even for low resistivity substrates. The limitations of microgranular mag-
netic cores, however, are not able to meet the growing demand of electronic devices 
especially at high frequencies where losses become very prominent due to the 
inherent conductivity of the magnetic materials. In addition, eddy current losses 
decrease the permeability and hence, the inductance of the device. One possible 
remedy is the use of high resistivity material. High resistance of inductor, however, 
decreases the quality factor of the inductor  [42] . So, there is a growing need to 
develop new materials that could satisfy the present needs. The issue has been 
addressed by the introduction of ultrasoft nanocrystalline thin films with ultrahigh 
frequency permeability  [43] . It has been found that nanostructures improve the 
magnetostatic and magnetodynamic properties of the material. The use of  nanogranular 
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ultrathin magnetic films to improve the magnetic performance seems to defy the 
classical theory  [44] . According to the classical physics, the effective coercive field 
strength ( H  

CK
 ) is equal to the summation of intrinsic coercive strength caused by 

magnetostrictive residual stresses, nonmagnetic inclusion, and the high energy dis-
torted region of the grain boundaries  [45 – 47] . Equations ( 9.3 ) and ( 9.4 ), respec-
tively, show the theoretical values of grain boundary component of coercivity, and 
initial relative permeability ( µ  

r
 ), as determined by the classical theory  [44 ,  48 ,  49] :

     
H
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where  r  
w
  is the boundary wall energy, which depends upon the anisotropic constant 

( K  
1
 ), lattice parameter, and curie temperature;  J  

S
  is the saturation polarization;  D  is 

the grain diameter;  µ  
0
  is the permeability;  A  is the exchange stiffness; and  r  

C
  and 

 r  
 
µ

 
  are material-dependent constants. Evidently, from the above equations, the coer-

cive field is expected to increase and the permeability to decrease with increase in 
the grain boundary area, i.e., with decrease in the grain size. 

 Anisotropy and coercivity modeling by Herzer  [49]  for nanostructured materi-
als, however, found that the classical rule does not hold good at the nanoscale. 
Critical phenomena at the nanoscale result in attractive properties. It has been found 
that the classical rule is valid only when the grain size is greater than the ferromag-
netic exchange length, where the magnetocrystalline anisotropy is not suppressed 
due to the ferromagnetic exchange interaction  [50] . 

 Due to easy magnetization alignment along the easy axis and in-grain domain 
formation, magnetization in large grains is a function of magnetocrystalline ani-
sotropy, which is measured by the difference in the B–H hysteresis loop along the 
easy and hard axes. At the nanoscale, however, it is determined by the simultane-
ous occurrence of magnetic anisotropy energy and the ferromagnetic exchange 
energy. Ferromagnetic exchange interaction forces the magnetic moment to align 
parallel to it and thus restricts the alignment along the easy axis. When the grain 
size is smaller than the effective exchange interaction length  L  

ex
  ( 9.5 ), the coer-

civity and the permeability are given by ( 9.5 ) and ( 9.6 ), respectively  [49] , as 
follows:
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where 〈 k 〉 is the anisotropy density that is given by the mean fluctuation amplitude 
of anisotropy energy and other constants are as discussed above  [49] . 

 Therefore, materials with intrinsically low anisotropy, e.g., permalloy, can exhibit 
very low coercivity with very high permeability, if the grain size is restricted below the 
effective exchange coupling length as can be seen in Fig.  9.12 . As evident, coercivity 
is maximum, and permeability is minimum when the grain size equals  L  

eff
 . Dramatic 

changes in the coercivity and anisotropy are interpreted in terms of the smoothing part 
of the exchange interaction, averaging out locally fluctuating anisotropy, so that there 
is only a small net anisotropy effect on the magnetization process.  

 Nanostructures do not merely decrease the coercivity and increase the permea-
bility, but they also limit the losses due to high frequency. Various loss mechanisms 
including eddy current loss, FMR loss, and Landau–Lifshitz (LL) damping loss 
limit the applicability of magnetic films at high frequencies  [43] . Eddy current 
losses, e.g., resistive, capacitive coupling through space layers, etc., are determined 
by the conductance, shape, and thickness of the film. The cutoff frequency for infi-
nitely wide films due to eddy current loss can be given by

     

f
dcutoff

i

=
4

0
2

r
pm m

,

   
(9.8)

where  r  is the resistivity,  µ  
i
  is the intrinsic initial permeability, and  d  is the thickness 

of the film  [43] . 
 Thin coating with foreign or native oxides and increase in the DC resistance are 

prevalent methods to decrease the eddy current loss. However, it should be noted that 
the former does not improve frequency response and the latter decreases the quality 

  Fig. 9.12    Coercivity and initial permeability as functions of the average grain size  D  (© IEEE 
1990)  [49]        
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factor  [40] . Advanced engineered nanostructural materials can render an optimized 
value of high resistivity (low eddy current loss) as well as high-quality factor. 

 Losses due to FMR and LL damping occur when the applied field frequency 
matches with the characteristic frequency of the materials  [43] . LL damping is 
caused by structural factors that include demagnetization fields, magnetization dis-
persion, and domain structure-ripple fields. The FMR frequency for a thin film with 
a unidirectional demagnetizing field is given by

     
f H MFMR k s= 2 0

1 2pg m( ) ,/

   
(9.9)

where  g  represents the gyromagnetic constant and  H  
k
  is the in-plane anisotropy 

field. The critical phenomena as seen in nanogranular thin films have also been 
reported to occur in sandwich structures when the layer thickness is restricted 
below the exchange coupling length. Dirne et al.  [51]  reported such critical behav-
ior in Fe/CoNbZr multilayers. 

 Above discussions reinforce the attractive properties of nanogranular magnetic 
materials. Such specially designed materials can render simultaneous low anisot-
ropy and low magnetostriction, e.g., addition of silicon to low anisotropic nanoma-
terials can decrease the magnetostriction also. Various kinds of nanostructures 
based on nanogranular thin films, nanocomposite thin films, and sandwich struc-
tures with nanometer-scale layers have been studied. In general, popular ferromag-
netic materials can be divided into three broad categories – iron based, cobalt based, 
and iron–cobalt based. Polymeric nanocomposites and advanced novel materials 
are other attractive choices. 

   9.4.1 Iron-Based Nanostructural Cores  

 Permalloy (Fe–Ni) is the most popular among iron-based alloys for inductor appli-
cations  [40 ,  52 – 60] . Magnetic properties are best in the composition range of 
30–80% Ni  [48] . Good anisotropy is observed due to short-range atomic pairing 
 [61 ,  62] . As discussed, the magnetic properties are functions of crystalline anisotropy 
and magnetostriction. Magnetostriction of an inductor is defined as the mechanical 
response to magnetization (i.e., the change in the shape of inductor under changing 
magnetic field). Low magnetostriction helps to achieve high permeability, avoids 
mechanical stress-induced magnetoelastic anisotropy, and reduces noise (e.g., in 
switched mode converters used in voltage regulator modules and toroidal inductors 
used in hi-fi amplifiers). Magnetostriction can be decreased in these alloys by addi-
tion of nonferrous elements such as copper, silicon, and molybdenum. Yoshizawa 
et al.  [63]  reported low magnetostriction in ultrafine (~10 nm) Fe 

73.5
 Cu 

1
 Nb 

3
 Si 

13.5
 B 

9
  

alloys due to addition of copper and silicon. Herzer  [49]  reported a similar effect. 
A variation of the above-mentioned composition (Fe 

73
 Cu 

1
 Nb 

3
 Si 

16
 B 

7
 ) is commer-

cially available under the name of Vitroperm-800  [64] . Microstructural studies of 
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9 Nanogranular Magnetic Core Inductors 179

these alloys revealed homogeneously distributed ultrafine grains of body-centered 
cubic Fe–Si  [14] . Addition of nitrogen and aluminum, similarly, increases the satu-
ration magnetization ( M  

s
 ). Fe–Al–N has been reported to have  M  

s
  > 20 kG  [65 ,  66] . 

Such attractive properties are, however, limited to small compositional range. In 
comparison, Fe–Al–O gives better properties and large compositional freedom. 
This alloy is reported to have large  M  

s
  (>12 kG), DC resistivity (~500 µΩ cm), and 

high resonant frequency (~2 GHz), making it suitable for high frequency applica-
tions  [9 ,  17] . Various designs have been proposed that use Fe–Al–O nanogranular 
inductor cores. Yamaguchi et al.  [9 ,  41]  reported very high inductance in such 
designs (~8 nH at 1 GHz for 100-nm thin film). However, a flux saturation reduces 
the inductance (~7.2 nH)  [17] . Low eddy current loss has also been reported in two 
phase heteroamorphous/granular Fe-based alloys  [21 ,  67 ,  68] . However, such struc-
ture has limited application due to low anisotropy field.  

  9.4.2 Cobalt-Based Nanostructural Cores 

 Magnetostriction can further be decreased with Co-based alloys. Masumoto et al. 
 [69 ,  70]  have reported almost zero magnetostriction. Studies of various oxide alloys 
reveal that only Co–Al–O and Co–Zr–O are suitable for the low coercivity applica-
tions as can be seen in Fig.  9.13   [71] .  

 Nanostructural films of Co–Al–O have been reported  [71 ,  72] . Nanometer parti-
cle size (53 nm) Co 

85
 Al 

15
 -based oxides, with uniformly distributed FCC phase of 

α-cobalt oriented along the lowest anisotropy field plane, were reported to have 

  Fig. 9.13    Coercivities of various compositions of Co–X–O based alloys  [71]        
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very low coercivity (~5 Oe) due to an incoherent magnetization and low anisotropic 
energy orientation  [71  ]. Magnetic closure-domain formation due to nanogranular 
dipole moment also significantly decreases the coercivity  [50 ,  73] . Eddy loss is also 
minimal in these films due to high resistance. Energy dispersive X-ray analysis and 
electron energy loss spectroscopy studies reveal aluminum- and oxygen-rich inter-
particle regions  [71] . This results in preferential oxidation of the interparticle region 
and thus, enhanced DC resistance and reduced eddy current loss. The concentration 
of oxygen, however, should be optimized for an optimum combination of various 
magnetic parameters. The optimum value reported for Co 

85
 Al 

15
 -based oxide films 

includes resistivity of 500 µΩ cm (as high as Fe-based alloys),  M  
s
  ~ 10 kG,  H  

c
  < 5 

Oe, and  H  
k
  ~ 70 Oe at 1% oxygen concentration  [71] . Such optimal properties are, 

however, possible at high temperatures. 
 In contrast, Co–Zr–O alloys reveal optimal properties even on water-cooled 

substrates, making it more suitable for CMOS technology  [74] . Studies of the mag-
netic behavior of these films show that unlike Co–Al–O, Co–Zr–O alloys do not 
exhibit superparamagnetism at 55% cobalt. Moreover, least coercivity is visible at 
more than one composition (Co – 55 and 70%). Anisotropy as high as 150 Oe is 
reported in Co 

60
 Zr 

10
 O 

30
  films. A very low value of  H  

c
  is also noted when the perco-

lation threshold is approached due to formation of virtual multidomains. These 
films have been reported to show excellent high frequency properties. The real 
component of permeability has been reported to remain almost constant up to 1 
GHz. The FMR frequency is equal to 3 GHz. However, the absolute value of per-
meability is much less (~60). 

 Studies on nanostructural evolution in such alloys reveal initial formation of 
fine-dispersed ZrO as a result of preferential oxidation. Resulting stress in the 
matrix results in nanostructure formation. Additional stress and large concentration 
of Co in the matrix are the primary known factors that affect the final coercivity, 
anisotropy, and resistivity of the matrix  [74] . 

 Nanostructural nitrides of Co alloys exhibit more compositional freedom than 
oxides  [71] . Structural studies reveal amorphous interparticulate region surround-
ing microcrystalline nanoparticles. Nitrides, however, exhibit low anisotropy (~35 
Oe). Another kind of Co-based magnetic nanocrystalline alloys is Co–Zr–Nb  [9 , 
 10 ,  41 ,  75] . These alloys exhibit resonant frequency less than 1 GHz. Various 
designs have been studied using such core. Details of these studies could be found 
in  [9 ,  10 ,  41 ,  75] .  

  9.4.3 Fe–Co Based Nanostructural Cores 

 Fe-based and Co-based nanogranular alloys can yield very high resistance result-
ing in low eddy current loss. They, however, exhibit low permeability and satura-
tion magnetization at high frequencies. This issue can be addressed using Fe–Co 
based oxides and nitrides. According to the Pauling–Slater curve, Fe–Co alloys 
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have the highest magnetization (>20 kG) among the iron alloys  [75] . However, 
high  magnetostriction in such alloys allows neither high anisotropy nor low  H  

c
 . 

Composite structures, nevertheless, can partly address this issue. Addition of 
nonmagnetic elements, e.g., silicon and nitrogen, has also been useful to decrease 
the magnetostriction and thus coercivity. Addition of nickel has also been 
reported to decrease the coercivity (~1.2 Oe)  [76] . Saturation magnetization ( M  

s
 ) 

higher than that achieved in permalloy is also noted due to nickel addition. 
However, Osaka et al.  [76]  reported very low DC resistivity (~21 µΩ cm) in such 
alloys making them unattractive for high frequency applications. Addition of 
aluminum in Co–Fe nitrides has also been found to decrease the coercivity to 1 
Oe as compared with 5 Oe in unadulterated alloys  [77 ,  78] . Low saturation mag-
netization in such alloys can also be enhanced to a value as high as 17.6 kG  [79] . 
Anisotropy coupling between magnetic nanograins and electric field-induced 
atomic ordering also results in high magnetocrystalline anisotropy (~45.6 Oe) 
 [80] . Addition of boron also increases the saturation magnetization of Fe–Co 
 [19] . Minor et al.  [81]  report saturation magnetization as high as 24 kG in 
Fe–Co–B thin films. 

 Fe–Co–Zr–O have also been found to exhibit excellent properties for inductor 
cores  [82 ,  83] . Randomly oriented nanogranular alloy (~10 nm) can decrease the 
coercivity (~1.9 Oe). The averaging effect of randomly orientated exchange cou-
pling, however, decreased the net magnetocrystalline anisotropy. Such film ren-
dered permeability as high as 400 up to 1 GHz. Also, such films showed much 
lower DC resistivity (~36 µΩ cm) than expected in nanogranular structures. This is 
attributed to electron percolation due to connected conducting grains. Resistivity 
can, however, be increased by engineering the microstructure. Lee et al.  [84]  
achieved very high resistivity by ensuring fine and isolated α-Fe(Co) grains in Co 

17.08
 

Fe 
49.76

 Zr 
16.24

 O 
16.91

  film on a silicon substrate. However, such engineered microstruc-
ture increases the volume fraction of oxide phases and thus can have detrimental 
effect on saturation magnetization. Therefore, it is imperative to control the process 
parameter to ensure low coercivity, high resistance, and high saturation magnetiza-
tion. Magnetostatic and magnetodynamic property analysis of thin films showed 
simultaneous occurrence of coercivity of 0.3 Oe, anisotropy of 44.9 Oe, saturation 
magnetization of 16.8 kG, and resistivity of 462.8 µΩ cm in random grains (average 
size 10 nm). Better high frequency performance has also been reported. The effec-
tive permeability as high as 800 was reported up to 2 GHz. 

 Fe–Co–Al–O nanogranular thin films have also been found to be attractive. RF 
reactive magnetron sputter-deposited films (50–1,000 nm) have been reported to 
have larger  M  

s
  (~22 kG)  [43]  than 15 kG as achieved in Fe-based and Co-based 

(~15 kG)  [13] , and 16.8 kG as could be achieved in the Fe–Co–Zr–O alloys  [84] . 
Ultrahigh DC resistivity (900 µΩ cm) was also achieved. The resistivity of the films 
increased as the extent of oxides increased at the grain boundary as well as with the 
increment of refinement of the CoFe grains, completely separated by the oxide 
matrix (Al 

2
 O 

3
  or FeCo oxide) and nanogranular structure. Moreover, high anisot-

ropy as well as permeability was observed.  
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  9.4.4 Permalloy/Fe–Co Alloy Thin Film Sandwich 

 As discussed in earlier sections, conventional nanomaterials are not very promising 
for high frequency applications. Exotic structures such as composite/sandwich struc-
tures have been studied to address this issue  [85] . According to the LL equation, 
high saturation magnetization, high resistance, and high anisotropy are necessary for 
a magnetic material for high frequency applications  [86] . Such sandwich structures 
can render saturation magnetization and permeability as high as observed in Fe–Co 
alloys. In addition, this can exhibit high resistivity and high anisotropy as observed 
in permalloy  [10] . Wang et al.  [77 ,  87 ,  88]  reported a sandwich structure of Ni 

0.81
 Fe 

0.19
  

(5 nm)/Fe 
0.7

 (Co 
0.3

 ) 
0.95

 N 
0.05

  (100 nm)/Ni 
0.81

 Fe 
0.19

  (5 nm). Reportedly, even a small vol-
ume of permalloy could dramatically reduce coercivity (~0.6 Oe). Ultrahigh and 
almost constant permittivity (~1,000) up to 1.2 GHz was also achieved. The resistiv-
ity was, however, very small (50 µΩ cm). Katada et al.  [89]  reported such structures 
with saturation magnetization of 24 kG and DC coercivity of 3 Oe. 

 Native oxides, similarly, have been found to decrease the eddy losses. High 
resistance of native oxide in combination with the high saturation magnetization 
flux and high anisotropy of Fe–Co–N film makes sandwich structures of native 
oxide and Co–Fe–N suitable for high frequency applications  [86] . Kakazei et al. 
 [90]  reported the magnetic behavior of CoFeN sandwiched between native and 
deposited nonmetallic oxides. Hai et al. studied a sandwich structure of Fe 

70
 Co 

30
 N 

(45 nm)/Ni 
55

 Fe 
45

   [91]  . The composite structure was fabricated using RF reactive 
sputtering. The resistivity of the film increased with increase in the nitrogen con-
tent. A single layer was isotropic and significantly higher coercivity was achieved 
(~80 Oe). However, a seed layer of NiFe of 1-nm thickness significantly reduced 
the coercivity (~6 Oe) and well-defined uniaxial anisotropy was achieved due to 
effective magnetic coupling between the magnetic layers. It can also be attributed 
to partial cancellation of crystalline and magnetostatic anisotropy due to epitaxially 
grown FeCoN nanograins on NiFe seed layer. 

 Decrease in the coercivity is also witnessed with nonmagnetic seed layers  [85 , 
 87 ,  92] . Ha et al.  [75]  reported another sandwiched structure consisting of discon-
tinuous CoFeN thin films and native oxide. The structure was fabricated using RF 
reactive magnetron sputtering (Co 

30
 Fe 

70
  target). The CoFeN film thickness was 

maintained at 2 nm. The native oxide layers were formed by exposing the film to 
an oxygen atmosphere. Coercivity in such multilayers was found to be dependent 
on the exchange coupling of metallic magnetic nanograins through magnetic 
oxides. Ha et al. also reported linear dependence of the anisotropy field with 
external applied field during deposition.  H  

k
  as high as 67 Oe was achieved for an exter-

nal applied field of 120 Oe. The coercivity was as low as 0.32 in the hard axis. They 
also studied the effect of resistivity on thickness. It was found that the resistivity 
decreases with increase in the thickness in the 1.6–5 nm range. Saturation magneti-
zation flux was also reported to be high. This was attributed to the formation of 
magnetic oxides (CoFe 

2
 O 

4
  or Fe 

3
 O 

4
 ) during oxidation  [93] . Moreover, this structure 

showed excellent high frequency characteristics. Permeability as high as 1,100 was 
achieved up to 1 GHz.  
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  9.4.5 Novel Materials 

 Low weight, low cost, and high performance materials are needed for new generations 
of electronics. Mobile devices are the most important driving force. This problem has 
partially been addressed by low temperature cofired ceramics (LTCC)  [42] . However, 
the high processing temperature is not compatible with polymeric substrate technol-
ogy. Moreover, high cost also makes LTCC unattractive for consumer products  [94] . 
Recently, various researches have been carried out to develop compatible polymer 
matrix composites for inductor cores  [95 – 99] . Liu et al.  [42  ]   proposed an alternative 
solution to low inductive magnetic powder-filled composites. They reported a low 
temperature process-capable amorphous nickel–zinc ferrite-filled nanocomposite, and 
a three-layer structure with a planar gold coil was fabricated on a glass wafer. The 
composite was deposited on the coil and heated at different temperatures. The filler 
was prepared by sol-gel and the particle size was less than 200 nm. They reported a 
relative magnetic permeability of 150–200 for 20% filler by volume, which is six to 
eight times the reported value for polymer matrix composites with 90% filler.   

  9.5 Packaging Issues  

 The ultimate goal of packaging is to achieve high-quality factor, high density, high 
reliability, small size, and cost-effective inductors. Studies on on-chip integrated 
inductors have shown that the thick porous silicon substrate (through the wafer) is 
a better choice to achieve high-quality factor in RF integrated inductors  [100] . The 
quality factor may also be increased by using a grating metal structure with low- K  
benzocyclobutene (BCB) and electroplated copper  [101] . Almost 15% increase in 
the quality factor was noted with this structure, which was attributed to the reduc-
tion in series resistance due to enhanced effective current area. The possibilities and 
limits of ultrathin inductors have been explored by Waffenschmidt  [102] . There still 
exists a need to research more to get high packaging efficiency, high-quality factor, 
and highly miniaturized inductors to meet today’s requirements.  

  9.6 Conclusion  

 In this chapter, design, packaging, and materials aspects of nanogranular inductor 
cores have been addressed. Various kinds of inductor designs were reviewed, and 
recent developments in this regard were addressed. Packaging issues were also 
reviewed and it was concluded that there is a need for new materials and advanced 
designs for effective miniaturization of the device. Novel nanogranular magnetic mate-
rial was identified as one of the key elements for such applications. For magnetic cores, 
however, high permeability to achieve inductance, high saturation magnetization to 
avoid dramatic decrease in the inductance, low coercivity, high resistance to avoid 

Morris_Ch09.indd   Sec21:183Morris_Ch09.indd   Sec21:183 9/29/2008   8:07:43 PM9/29/2008   8:07:43 PM



184 G.C. Jha et al.

eddy current loss, and high frequency characteristics have been identified as key 
parameters that can significantly decrease the number of windings needed to achieve 
required inductances, and thus could catalyze the effective miniaturization of the 
devices. There is still a need to improve the magnetic properties to meet the high fre-
quency requirements, which calls for further research and development in nanogranu-
lar magnetic materials.      
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   Chapter 10   
  Nanoconductive Adhesives        

     Daoqiang   Daniel Lu(*ü )    ,    Yi Grace   Li   , and    C.  -P.   Wong       

  10.1 Introduction  

 Electrically conductive adhesives (ECAs) are composites of polymeric matrices and 
electrically conductive fillers. Polymeric matrices have excellent dielectric properties 
and thus are electrical insulators. The conductive fillers provide the electrical properties 
and the polymeric matrix provides mechanical properties. Therefore, electrical and 
mechanical properties are provided by different components, which is different from 
metallic solders that provide both the electrical and mechanical properties. ECAs have 
been with us for some time. Metal-filled thermoset polymers were first patented as 
ECAs in the 1950s  [1 – 3] . Recently, ECA materials have been identified as one of the 
major alternatives for lead-containing solders for microelectronic packaging applica-
tions. There are two types of conductive adhesives: isotropically conductive adhesives 
(ICAs) and anisotropically conductive adhesives/films (ACAs/ACFs). 

 ICAs, also known as “polymer solder,” are conductive in all directions. The 
conductive fillers provide the composite with electrical conductivity through con-
tact between the conductive particles. With increasing filler concentrations, the 
electrical properties of an ICA transform it from an insulator to a conductor. 
Percolation theory has been used to explain the electrical properties of ICA com-
posites. At low filler concentrations, the resistivities of ICAs decrease gradually 
with increasing filler concentration. However, the resistivity drops dramatically 
above a critical filler concentration  V  

c
  called the  percolation threshold  (Fig.  10.1 ). 

It is believed that at this concentration, all the conductive particles contact each 
other and form a three-dimensional network. The resistivity decreases only slightly 
with further increases in the filler concentrations  [4 – 6] . To achieve conductivity, the 
volume fraction of conductive filler in an ICA must be equal to or slightly higher 
than the critical volume fraction. Similar to solders, ICAs provide the dual func-
tions of electrical connection and mechanical bond in an interconnection joint. 
In an ICA joint (Fig.  10.2 ), the polymer resin provides mechanical stability and the 
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conductive filler provides electrical conductivity. Filler loading levels that are too 
high cause the mechanical integrity of adhesive joints to deteriorate. Therefore, the 
challenge in formulating an ICA is to maximize conductive filler content to achieve 
a high electrical conductivity without adversely affecting the mechanical properties. 
In a typical ICA formulation, the volume fraction of the conductive filler is about 
25–30%  [7 ,  8] .  

 Recently, ACAs/ACFs are becoming popular as promising candidates for lead-
free interconnection solutions in microelectronic packaging applications due to 
their technical advantages such as fine pitch capability (<40-µm pitch), low-temperature 
processing ability, low cost and environmentally friendly materials and processing, 
etc. ACAs/ACFs consist of conducting particles (typically 5–10 µm in diameter) 
and polymer matrix, which provide both attachment and electrical interconnection 
between electrodes  [9 – 11] . In particular, ACFs are widely used for high-density 
interconnection between liquid–crystal display (LCD) panels and tape carrier pack-
ages (TCPs) to replace the traditional soldering or rubber connectors. In LCD 

Fig. 10.1 Effect of filler volume fraction on the resistivity of ICA systems

  Fig. 10.2    ICA particle contacts establish conduction from component to chip carrier       
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applications, traditional soldering may not be as effective as ACFs in  interconnecting 
materials between indium tin oxide (ITO) electrodes and TCP. ACFs have also been 
used as an alternative to soldering for interconnecting TCP input lead bonding to 
printed circuit boards (PCBs). ACAs/ACFs provide unidirectional electrical con-
ductivity in the vertical or  Z -axis. This directional conductivity is achieved by using 
a relatively low volume loading of conductive filler (5–20 vol.%). The low volume 
loading is insufficient for interparticle contact and prevents conductivity in the  X – Y  
plane of the adhesive. The ACA/ACF is interposed between the two surfaces to be 
connected. Heat and pressure are simultaneously applied to this stack-up until the 
conductive particles bridge the two conductor surfaces. Figure  10.3  shows the con-
figuration of a component and a substrate bonded with ACA. Once the electrical 
continuity is produced, the polymer matrix is hardened by thermally initiated 
chemical reaction (for thermosets) or by cooling (for thermoplastics). The hardened 
dielectric polymer matrix holds the two components together and helps maintain 
the pressure contact between component surfaces and conductive particles. Because 
of the anisotropy, ACA/ACF may be deposited over the entire contact region, 
greatly facilitating materials application. Also, an ultrafine pitch interconnection 
(<40 µm) could be achieved easily. The fine pitch capability of ACA/ACF would 
be limited by the particle size of the conductive filler, which can be a few microns 
or a few nanometers in diameter.  

  Fig. 10.3    A series of schematics illustrating the steps in forming an ACA joint. ( a ) Component 
parts: a bumped die and mating carrier with ACA spread over the surface. ( b ) Die is mounted with 
the carrier and held in place when cured. ( c ) Side view of the completed assembly       
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 To meet the requirements for future fine pitch and high performance  interconnects 
in advanced packaging, ECAs with nanomaterial or nanotechnology attract more 
and more interests due to the specific electrical, mechanical, optical, magnetic, and 
chemical properties. There has been extensive research on nanoconductive adhesives 
which contain nanofiller such as nanoparticles, nanowires, or carbon nanotubes. 
This chapter provides a comprehensive review of most recent research results on 
nanoconductive adhesives.  

  10.2  Recent Advances on Nano-Isotropic Conductive 
Adhesive (Nano-ICA)  

  10.2.1 ICAs with Silver (Ag) Nanowires 

 Wu et al.  [12]  developed an ICA filled with nanosilver wires and compared the 
electrical and mechanical properties of this nano-ICA with two other ICAs filled 
with micrometer-sized (roughly 1 µm and 100 nm, respectively) silver particles. 
The nanowires had a diameter of roughly 30 nm and a length up to 1.5 um, and the 
nanowires are polycrystalline in nature. It was found that, at a low filler loading 
(e.g., 56 wt%), the bulk resistivity of ICA filled with the Ag nanowires was signifi-
cantly lower than the ICAs filled with 1-µm or 100-nm silver particles. The better 
electrical conductivity of the ICA-filled nanowires was attributed to the lower con-
tact resistance between nanowires and more significant contribution from the tunneling 
effects among the nanowires  [12] . 

 It was also found that, at the same filler loading (e.g., 56 wt%), the ICAs filled 
with Ag nanowires showed similar shear strength to those of the ICAs filled with 
the 1-µm and 100-nm silver particles. However, to achieve the same level of electrical 
conductivity, the filler loading must be increased to at least 75 wt% for the ICA 
filled with micrometer-sized Ag particles, and the shear strength of these ICAs is 
then decreased (lower than that of the ICA filled with 56 wt% nanowires) due to 
the higher filler loading.  

  10.2.2 Effect of Nanosized Ag Particles on ICA Conductivities 

 Lee et al.  [13]  studied the effects of nanosized filler on the conductivity of conduc-
tive adhesives by substituting nanosized Ag colloids for microsized Ag particles 
with either in part or as a whole to a polymeric system (polyvinyl acetate – PVAc). 
Electrical resistivity was then measured as a function of silver volume fraction. 

 It was found that, when nanosized silver particles were added into the system at 
2.5 wt% each increment, the resistivity increased in almost all cases, except when 
the quantity of microsized silver was slightly lower than the threshold value. At that 
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point, the addition of the about 2.5 wt% brought significant decrease in resistivity. 
Near the percolation threshold, when the microsized silver particles are still not 
connected, the addition of a small amount of nanosized silver particles helps to 
build the conductive network and lowers the resistivity of the composite. However, 
when the filler loading is above the percolation threshold and all the microsized 
particles are connected, the addition of nanoparticles seems only to increase the 
relative contribution of contact resistance between the particles. Due to its small 
size, for a fixed amount of addition, the nanosized silver colloid contains a larger 
number of particles when compared with microsized particles. This large number 
of particles should be beneficial to the interconnection between particles. However, 
it also inevitably increases the contact resistance. As a result, the overall effect is 
an increase in resistivity upon the addition of nanosized silver colloids. 

 Ye et al.  [14]  also reported a similar phenomenon, i.e., the addition of nanopar-
ticles showed a negative effect on electrical conductivity. They proposed two types 
of contact resistance, i.e., restriction resistance due to small contact area and 
tunneling resistance when nanoparticles are included in the system. It was believed 
that the conductivity of microsized Ag particle-filled adhesives is dominated by 
constriction resistance, while the nanoparticle-containing conductive adhesives are 
controlled by tunneling and even thermionic emission. Fan et al.  [15]  also observed 
the similar phenomenon (adding nanosize particles reduced both electrical and 
thermal conductivities). 

 Lee et al.  [13]  also studied the effects of temperature on the conductivity of ICAs. 
Heating the composite to a higher temperature can reduce the resistivity quite signifi-
cantly. This is likely due to the high activity of nanosized particles. For microsized 
paste, this temperature effect was considered negligible. The interdiffusion of silver 
atoms among nanosized particles helped to reduce the contact resistance quite signifi-
cantly and the resistivity reached 5 × 10 −5  Ω cm after treatment at 190°C for 30 min. 
Jiang et al.  [16]  showed that, when suitable surfactant was used in the nano-Ag-incor-
porated ICA, the dispersion and interdiffusion of silver atoms among nanosized particles 
could be facilitated and the resistivity of ICA could be reduced to 5 × 10 −6  Ω cm.  

  10.2.3 ICA Filled with Aggregates of Nanosized Ag Particles 

 To improve the mechanical properties under thermal cycling conditions while still 
maintaining an acceptably high level of electric conductivity, Kotthaus et al.  [17]  
studied an ICA material system filled with aggregates of nanosized Ag particles. 
The idea was to develop a new filler material which did not deteriorate the mechanical 
property of the polymer matrix to such a great extent. A highly porous Ag powder 
was attempted to fulfill these requirements. The Ag powder was produced by the 
inert gas condensation method (IGC). The powders consist of sintered networks of 
ultrafine particles in the size range 50–150 nm. The mean diameter of these aggre-
gates could be adjusted down to some microns. The as-sieved powders were 
characterized by low level of impurity content, an internal porosity of about 60%, 
and a good ability for resin infiltration. 
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 Using Ag IGC instead of Ag flakes is more likely to retain the properties of 
the resin matrix because of the infiltration of the resin into the pores. Measurements of 
the shear stress–strain behavior indicated that the thermomechanical properties of bonded 
joints may be improved by a factor up to 2, independent of the chosen resin matrix. 

 Resistance measurements on filled adhesives were performed within a temperature 
range from 10 to 325 K. The specific resistance of an Ag IGC-filled adhesive is about 
10 −2  Ω cm and did not achieve the typical value of commercially available adhesives 
of about 10 −4  Ω cm. The reason may be that Ag IGC particles are more or less spheri-
cal whereas Ag flakes are flat. So, the decrease of the percolation threshold because 
of the porosity of Ag IGC is overcompensated by the disadvantageous shape and the 
intrinsically lower specific conductivity. For certain applications where mechanical 
stress plays an important role, this conductivity may be sufficient and therefore the 
porous Ag could be suitable as a new filler material for conductive adhesives.  

  10.2.4 Nano-Ni Particle-Filled ICA 

 It is generally known that metal powders present the properties that are different 
from those of bulk metals when their particle sizes are made as small as nanometer 
size. Powders are classified into particles, microparticles, and nanoparticles 
according to size. Although the classification criteria are not clear, particles with 
diameter smaller than 100 nm are generally called  nanoparticles . This classifica-
tion is based on the fact that, when its particle size is smaller than 100 nm, the 
particle has properties that are not found in the microparticles larger than 100 
nm. For example, when the particle diameter of such magnetic materials as iron 
and nickel nears to 100 nm, their magnetic domains are changed from multiple 
to single, and their magnetic properties also change  [18] . Majima et al.  [18]  
reported an application example of metal nanoparticles to conductive pastes, 
focusing on the properties of a new conductive adhesive that were not found in 
conventional ICAs. 

 Sumitomo Electric Industries, Ltd. (SEI) has developed a new liquid-phase dep-
osition process using plating technology. This new nanoparticle fabrication process 
achieves purity greater than 99.9% and allows easy control of particle diameter and 
shape. The particles’ crystallite size calculated from the result of X-ray diffraction 
measurement is 1.7 nm, which leads to an assumption that the particle size of pri-
mary particles is extremely small. When the particle size of nickel and other mag-
netic metals becomes smaller than 100 nm, they are changed from the multidomain 
particles to the single-domain particles, and their magnetic properties change. That 
is, if the diameter of nickel particles is around 50 nm, each particle acts like a 
magnet that has only a pair of magnetism, and magnetically connects with each 
other to form chain-like clusters. When the chain-like clusters are applied to 
conductive paste, electrical conduction of the paste is expected to be better than the 
existing paste. The developed chain-like nickel particles were mixed with 
predefined amount of polyvinylidene fluoride (PVdF) that acts as an adhesive. 
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Then,  N -methyl-2-pyrrolidone was added to this mixture to make conductive paste. 
This paste was applied on a polyimide (PI) film and then dried to make a conductive 
sheet. Specific volume resistivity of the fabricated conductive sheet was measured 
by the quadrupole method. The same measurement was also conducted on the con-
ductive sheet that uses paste made of conventional spherical nickel particles. 
Measurement of the sheet resistance immediately after paste application defined 
that the developed chain-like nickel powders had low resistance of about one eighth 
of that of the conventionally available spherical nickel particles. This result showed 
that, when the newly developed chain-like nickel particles were applied as conduc-
tive paste, high conductivity can be achieved without pressing the sheet. SEI tested 
and developed the metal nanoparticles and investigated the possibility of applica-
tion to conductive paste.  

  10.2.5 Nano-ICAs for via Filling in Organic Substrates 

 Das et al.  [19]  have developed conductive adhesives using controlled-sized parti-
cles, ranging from nanometer scale to micrometer scale, and use them to fill small 
diameter holes to fabricate  Z -axis interconnections in laminates for interconnect 
applications (see Chap. 11 for a detailed treatment).  

  10.2.6 Nano-ICAs Filled with Carbon Nanotubes (CNTs) 

  10.2.6.1 Electrical and Mechanical Characterization of CNT-Filled ICAs 

 The density of commercially available silver-filled conductive adhesive is 
around 4.5 g cm −3  after cure. Metal-filled ECAs offer an alternative to typical 
lead–tin soldering with the advantages of being simple to process at lower tem-
peratures without toxic lead or corrosive flux. The disadvantage of conventional 
metal-filled conductive adhesives is that high loading of filler decreases the 
mechanical impact strength, while decreasing filler loading results in poor elec-
trical properties. CNTs are a new form of carbon, which was first identified in 
1991 by Iijima  [20]  of NEC, Japan. Nanotubes are sheets of graphite rolled into 
seamless cylinders. Besides growing single wall nanotubes (SWNTs), nano-
tubes can also have multiple walls (MWNTs) – cylinders inside the other cylin-
ders. The CNT can be 1–50 nm in diameter and 10–100 µm or up to a few 
millimeters in length, with each end “capped” with half of a fullerene dome 
consisting of five and six member rings. Along the sidewalls and cap, additional 
molecules can be attached to functionalize the nanotube to adjust its properties. 
CNTs are chiral structures with a degree of twist in the way that the graphite 
rings join into cylinders. The chirality determines whether a nanotube will con-
duct in a metallic or semiconducting manner. CNTs possess many unique and 
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remarkable properties. The measured electrical  conductivity of metallic CNTs 
is in the order of 104 S cm −1   [21] . The thermal  conductivity of CNTs at room 
temperature can be as high as 6,600 W mK −1   [22] . The Young’s modulus of a 
CNT is about 1 TPa. The maximum CNT tensile strength is close to 30 GPa, 
with some reported at TPa  [23] . The density of MWNTs is 2.6 g cm −3  and the 
density of SWNTs ranges from 1.33 to 1.40 g cm −3  depending on the chirality 
 [24] . Since CNTs have very low density and long aspect ratios, they have the 
potential of reaching the percolation threshold at very low weight percent load-
ing in the polymer matrix. 

 Li and Lumpp  [25]  developed new epoxy-based conductive adhesives filled 
with MWNTs. Preparation and processing methods for the new conductive adhesives 
were developed. It was found that ultrasonic mixing process helped disperse 
CNTs in the epoxy more uniformly and made them contact better, and thus lower 
electrical resistance was achieved  [25] . The contact resistance and volume resis-
tivity of the conductive adhesive decreased with increasing CNT loading. The 
percolation threshold for the MWNTs used in Li’s experiments is less than 3 wt%. 
With 3 wt% loading, the average contact resistance was comparable with solder 
joints. It was also found that the performance of CNT-filled conductive adhesives 
was comparable with solder joints at high frequency. By replacing metal particle 
fillers with CNTs in the conductive adhesive, a higher percentage of mechanical 
strength was retained. For example, with 0.8 wt% of CNT content, 80% of the 
shear strength of the polymer matrix was retained, while conventional metal-
filled conductive adhesives only retain less than 28% of the shear strength of the 
polymer matrix. 

 Experiments conducted by Qian et al.  [26]  show 36–42% and 25% increases in 
elastic modulus and tensile strength, respectively, in polystyrene (PS)/CNT 
 composites. The TEM observations in their experiments showed that cracks propa-
gated along weak CNT–polymer interfaces or relatively low CNT density regions 
and caused failure. If the outer layer of MWNTs can be functionalized to form 
strong chemical bonds with the polymer matrix, the CNT/polymer composites can 
be further reinforced in mechanical strength and have controllable thermal and 
electrical properties.  

  10.2.6.2 Effect of Adding CNT to the Electrical Properties of ICAs 

 Lin and Lin  [27]  studied the effect of adding CNT to the electrical conductivity of 
silver-filled conductive adhesive which had various filled loadings. It was found 
that the CNT could enhance the electrical conductivity of the conductive adhesives 
greatly when the silver filler loading was still below percolation threshold. For 
example, the 66.5 wt% filled silver conductive adhesive without CNT had a resis-
tivity of 10 4  Ω cm, but showed a resistivity of 10 −3  Ω cm after adding 0.27 wt% 
CNT. Therefore, it is possible to achieve the same level of electrical conductivity by 
adding a small amount of CNT to replace the silver fillers.  
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  10.2.6.3 Composites Filled with Surface-Treated CNTs 

 Although CNTs have exceptional physical properties, incorporating them into other 
materials has been inhibited by the surface chemistry of carbon. Problems such as 
phase separation, aggregation, poor dispersion within a matrix, and poor adhesion 
to the host must be overcome. Zyvex claimed that they have overcome these restric-
tions by developing a new surface treatment technology that optimizes the interac-
tion between CNTs and the host matrix  [28] . A multifunctional bridge was created 
between the CNT sidewalls and the host material or solvent. The power of this 
bridge was demonstrated by comparing the fracture behavior of the composites 
filled with untreated and surface-treated nanotubes. It was observed that the 
untreated nanotubes interacted poorly with the polymer matrix, and thus left behind 
voids in the matrix after fracture. However, for composite filled with treated nano-
tubes, the nanotube remained in the matrix even after the fracture, indicating strong 
interaction with the matrix. Due to their superior dispersion in the polymer matrix, 
the treated nanotubes achieved the same level of electrical conductivity at much 
lower loadings than the untreated nanotubes  [28] .   

  10.2.7 Inkjet-Printable Nano-ICAs and Inks 

 Areas for printing very fine pitch matrix (e.g., very fine pitch paths, antennas) are 
very attractive. But there are special requirements for inkjet printing materials, 
namely the most important ones are low viscosity and very homogeneous structure 
(like a molecular fluid) to avoid sedimentation and separation during the process. 
Additionally, for electrical conductivity of printed structures, the liquid has to con-
tain conductive particles, with nanosized dimensions to avoid blocking the printing 
nozzle and to prevent sedimentation phenomenon. Nanosized silver seems to be 
one of the best candidates for this purpose, especially when its particle size dimen-
sions will be less than 10 nm (see also Chap. 12). 

 Inkjet is an accepted technology for dispensing small volumes of material 
(50–500 pL). Currently, traditional metal-filled conductive adhesives cannot be 
processed by inkjetting (due to their relatively high viscosity and the size of filler 
material particles). The smallest droplet size achievable by traditional dispensing 
techniques is in the range of 150 µm, yielding proportionally larger adhesive dots 
on the substrate. Electrically conductive inks are available on the market with metal 
particles (gold or silver) < 20 nm suspended in a solvent at 30–50 wt%. After depo-
sition, the solvent is eliminated and electrical conductivity is enabled by a high 
metal ratio in the residue. Some applications include a sintering step. However, 
these traditional nanofilled inks do not offer an adhesive function  [29 ,  30] . 

 There are many requirements for an inkjettable, Ag particle-filled conductive 
adhesive. The silver particles must not exceed a maximum size determined by the 
diameter of the injection needle used. At room temperature, the adhesive should 
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resist sedimentation for at least 8, preferably 24 h. A further requirement by the end 
user on the adhesive’s properties was a two-stage curing mechanism. In the first 
curing step, the adhesive surface is dried and remains meltable. In this state, the 
product may be stored for several weeks. The second curing step involves glueing 
the components with the previously applied adhesive. By heating and applying 
pressure, the adhesive is remelted and cured. Thus, the processing operation is similar 
to that required for soldering. A conductivity in the range of 10 −4  Ω cm in the bulk 
material is required. An adhesive less prone to sedimentation was formulated by 
using suitable additives. Furthermore, the formation of filler agglomerations during 
deflocculation and storage was reduced. This effect was achieved by making the 
additives adhere to the filler particle surfaces. This requires a very sensitive bal-
ance. If the insulation between individual silver particles becomes too strong, over-
all electrical conductivity is significantly reduced. 

 Kolbe et al.  [31    ] and Mosicki et al. [32] both demonstrated feasibility of an inkjet-
table, ICA in the form of a silver-loaded resin with a two-step curing mechanism. In 
the first step, the adhesive was dispensed (jetted) and precured leaving a “dry” sur-
face. The second step consisted of assembly (wetting of the second part) and final 
curing. The attainable droplet sizes were in the range of 130 µm, but could be further 
reduced by using smaller (such as 50 µm) and more advanced nozzle shapes. 

 See Chap. 12 for inkjet-deposited interconnections.   

  10.3 Recent Advances of Nano-ACA/ACF  

  10.3.1 Low-Temperature Sintering of Nano-Ag-Filled ACA/ACF 

 One of the concerns for ACA/ACF is the higher joint resistance since interconnec-
tion using ACA/ACF relies on mechanical contact, unlike the metal bonding of 
soldering. An approach to minimize the joint resistance of ACA/ACF is to make the 
conductive fillers fuse to each other and form metallic joints such as metal solder 
joints. However, fusing metal fillers in polymers does not appear feasible, since a 
typical organic PCB ( T  

g
  ∼ 125°C), on which the metal-filled polymer is applied, 

cannot withstand such a high temperature; the melting temperature ( T  
m
 ) of Ag, for 

example, is around 960°C. Research showed that  T  
m
  and sintering temperatures of 

materials could be dramatically reduced by decreasing the size of the materials 
 [33 – 35] . It has been reported that the surface premelting and sintering processes are 
a primary mechanism of the  T  

m
  depression of the fine nanoparticles (<100 nm)  [34] . 

For nanosized particles, sintering behavior could occur at much lower temperatures 
and, as such, the use of the fine metal particles in ACAs would be promising for 
fabricating high electrical performance ACA joints through eliminating the inter-
face between metal fillers. The application of nanosized particles can also increase 
the number of conductive fillers on each bond pad and result in more contact area 
between fillers and bond pads. Figure  10.4  shows the SEM photographs of nano-Ag 
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particles annealed at various temperatures. Although very fine particles (20 nm) 
were observed for as-synthesized (Fig.  10.4a ) and 100°C treated particles (Fig. 
 10.4b ), dramatically larger particles were observed after heat treatment at 150°C 
and above. With increasing temperatures, the particles became larger and appeared 
as solid matter rather than porous particles or agglomerates. The particles shown in 
Fig.  10.4c–e  were fused through their surface and many dumbbell type particles 
could be found. The morphology was similar to a typical morphology of the initial 
stage in the typical sintering process of ceramic, metal, and polymer powders. This 
low-temperature sintering behavior of the nanoparticles is attributed to the 
extremely high interdiffusivity of the nanoparticle surface atoms, due to the signifi-
cantly energetically unstable surface status of the nanosized particles with large 
proportion of the surface area to the entire particle volume.  

 For the sintering reaction in a certain material system, temperature and duration 
are the most important parameters, in particular, the sintering temperature. Current–
resistance ( I–R ) relationship of the nano-Ag-filled ACA is shown in Fig.  10.5 . As 
can be seen from the figure, with increasing curing temperatures, the resistance of 
the ACA joints decreased significantly, from 10 −3  to 5 × 10 −5 . Also, higher curing 
temperature ACA samples exhibited higher current-carrying capability than the 

  Fig. 10.4    SEM photographs of 20-nm-sized Ag particles annealed at different temperatures for 
30 min: ( a ) room temperature (no annealing), ( b ) annealed at 100°C, ( c ) annealed at 150°C, 
( d ) annealed at 200°C, and ( e ) annealed at 250°C ( markers : ( a ) 3 µm, ( b ) 2 µm, ( c ) 2 µm, ( d ) 3 
µm, and ( e ) 3 µm)  [33]        
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low-temperature samples. This phenomenon suggested that more sintering of  nano-Ag 
particles and subsequently superior interfacial properties between fillers and metal 
bond pads were achieved at higher temperatures  [36] , yet the  X – Y  direction of the 
ACA maintains an excellent dielectric property for electrical insulation.   

  10.3.2 Self-Assembled Molecular Wires for Nano-ACA/ACF 

 To enhance the electrical performance of ACA/ACF materials, self-assembled 
molecular wires (SAMs) have been introduced into the interface between metal 
fillers and metal-finished bond pad of ACAs  [37 ,  38] . These organic molecules 
adhere to the metal surface and form physico-chemical bonds, which allow elec-
trons to flow. As such, they reduce electrical resistance and enable a high current 
flow. The unique electrical properties are due to the tuning of metal work functions 
by those organic monolayers. The metal surfaces can be chemically modified by the 
organic monolayers and the reduced work functions can be achieved by using suitable 
organic monolayer coatings. An important consideration when examining the 
advantages of organic monolayers pertains to the affinity of organic compounds to 
specific metal surfaces. Table  10.1  gives the examples of molecules preferred for 
maximum interactions with specific metal finishes; although only molecules with 
symmetrical functionalities for both head and tail groups are shown, molecules and 
derivatives with different head and tail functional groups are possible for interfaces 
concerning different metal surfaces.      

 Different organic molecular wires, dicarboxylic acid, and dithiol have been 
introduced into ACA/ACF joints. For SAM-incorporated ACA with micron-sized 
gold/polymer or gold/nickel fillers, lower joint resistance and higher maximum 
allowable current (highest current applied without inducing joint failure) were 
achieved for low-temperature curable ACA (<100°C). For high curing temperature 

  Fig. 10.5    Current–resistance ( I–R ) relationship of nano-Ag-filled ACAs with different curing 
temperatures  [36]        
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ACA (150°C), however, the improvement was not as significant as low curing 
 temperature ACAs, due to the partial desorption/degradation of organic monolayer 
coating at the relatively high temperature  [39] . However, when dicarboxylic acid or 
dithiol was introduced into the interface of nanosilver-filled ACAs, significantly 
improved electrical properties could be achieved for a high-temperature curable 
ACA/ACF, suggesting that the coated molecular wires did not suffer degradation on 

 Table 10.1    Potential organic monolayer interfacial modifiers for metal finishes  
 Formula  Compound  Metal finish 

 H–S–R–S–H  Dithiols  Au, Ag, Sn, Zn 

 N≡C–R–C≡N  Dicyanides  Cu, Ni, Au 

 O=C=N–R–N=C=O  Diisocyanates  Pt, Pd, Rh, Ru 

      

O

C

HO

R C

OH

O

N

NH

 Dicarboxylates  Fe, Co, Ni, Al, Ag 

 Imidazole and derivatives 
 Organosilicone derivatives 

 Cu 
 SiO 

2
 , Al 

2
 O 

3
 , quartz, 

glass, mica, ZnSe, GeO 
2
 , 

Au  R–SiOH 

 R denotes alkyl and aromatic groups 
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  Fig. 10.6    Electrical properties of nano-Ag ACA with dithiol or dicarboxylic acid  [40]        
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silver nanoparticles at the curing temperature (Fig.  10.6 ). The enhanced bonding 
could be attributed to the larger surface area and higher surface energy of nanoparticles, 
which enabled the monolayers to be more readily coated and relatively thermally 
stable on the metal surfaces  [40] .   

  10.3.3 Silver Migration Control in Nanosilver-Filled ACA 

 Silver is the most widely used conductive fillers in ICAs and exhibits exciting 
potentials in nano-ACA/ACF due to many unique advantages of silver. Silver has 
the highest room temperature electrical and thermal conductivity among all the 
conductive metals. Silver is also unique among all the cost-effective metals by 
nature of its conductive oxide (Ag 

2
 O). In addition, silver nanoparticles are rela-

tively easily formed into different sizes (a few nanometers to 100 nm) and shapes 
(such as spheres, rods, wires, disks, flakes, etc.) and well dispersed in a variety of 
polymeric matrix materials. Also, the low-temperature sintering and high surface 
energy make silver one of the promising candidates for conductive filler in nano-
ACA/ACF. However, silver migration has long been a reliability concern in the 
electronics industry. Metal migration is an electrochemical process, whereby, metal 
(e.g., silver), in contact with an insulating material, in a humid environment and 
under an applied electric field, leaves its initial location in ionic form and deposits 
at another location  [41] . It is considered that a threshold voltage exists above which 
the migration starts. Such migration may lead to a reduction in electrical spacing or 
cause a short circuit between interconnections. The migration process begins when 
a thin continuous film of water forms on an insulating material between oppositely 
charged electrodes. When a potential is applied across the electrodes, a chemical 
reaction takes place at the positively biased electrode where positive metal ions are 
formed. These ions, through ionic conduction, migrate toward the negatively 
charged cathode and over time, they accumulate to form metallic dendrites. As the 
dendrite growth increases, a reduction of electrical spacing occurs. Eventually, 
the dendrite silver growth reaches the anode and creates a metal bridge between the 
electrodes, resulting in an electrical short circuit  [42] . 

 Although other metals may also migrate under specific environment, silver is 
more susceptible to migration, mainly due to the high solubility of silver ion, low 
activation energy for silver migration, high tendency to form dendrite shape, and 
low possibility to form stable passivation oxide layer  [43 – 45] . The rate of silver 
migration is increased by (1) an increase in the applied potential, (2) an increase in 
the time of the applied potentials, (3) an increase in the level of relative humidity, 
(4) an increase in the presence of ionic and hydroscopic contaminants on the sur-
face of the substrate, and (5) a decrease in the distance between electrodes of the 
opposite polarity. 

 To reduce silver migration and improve the reliability, several methods have 
been reported. The methods include (1) alloying the silver with an anodically stable 
metal such as palladium  [42]  or platinum  [46]  or even tin  [47] ; (2) using hydrophobic 
coating over the PWB to shield its surface from humidity and ionic contamination 
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 [48] , since water and contaminates can act as a transport medium and increase the 
rate of migration; (3) plating of silver with metals such as tin, nickel, or gold, to 
protect the silver fillers and reduce migration; (4) coating the substrate with polymer 
 [49] ; (5) applying benzotriazole (BTA) and its derivatives in the environment  [50] ; 
(6) employing siloxane epoxy polymers as diffusion barriers due to the excellent 
adhesion of siloxane epoxy polymers to conductive metals  [51] ; and (7) chelating 
silver fillers in ECAs with molecular monolayers  [52] . As an example shown in 
Fig.  10.7   [53] , with carboxylic acids and forming chelating compounds with silver 

  Fig. 10.7     Leakage current–voltage relationship of nano-Ag conductive adhesives at ( a ) low volt-
ages and ( b ) high voltages  [52]        
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ions, the silver migration behavior (leakage current) could be significantly reduced 
and controlled.   

  10.3.4 ACF with Straight-Chain-Like Nickel Nanoparticles 

  cles with a straight-chain-like structure as conductive fillers  [54] . They applied the 
formulated straight-chain-like nickel nanoparticles and solvent in a mixture of 
epoxy resin on a substrate film. Then, the particles were made to orient toward the 
vertical direction of the film surface and fixed in resin by evaporating the solvent. 
In the estimation using 30-µm pitch IC chips and glass substrates (the area of Au 
bumps was 2,000 µm 2  and the distance of space between neighboring bumps was 
10 µm), the new ACF showed excellent reliability of electrical connection after 
high-temperature, high-humidity (60°C/90%RH) test and thermal cycle test 
(between −40 and 85°C). The samples were also exposed to high-temperature, 
high-humidity (60°C/90%RH) for insulation ability estimation. Although the dis-
tance between two electrodes was only 10 µm, ion migration did not occur and 
insulation resistance was maintained at over 1 GΩ for 500 h. This result showed 
that the new ACF has superior insulation reliability. This indicates that this new 
ACF has potential to be applied in very fine interconnections.  

  10.3.5  Nanowire ACF for Ultrafine Pitch Flip Chip 
Interconnection 

 To satisfy the reduced I/O pitch and avoid electric shorting, a possible solution is 
to use high-aspect-ratio metal posts. Nanowires exhibit high possibilities due to the 
small size and extremely high-aspect-ratio. In the literature, nanowires could be 
applied in FET sensors for gas detection, magnetic hard disk, nanoelectrodes for 
electrochemical sensor, thermal electric device for thermal dissipation and tempera-
ture control, etc.  [55 – 57] . To prepare nanowires, it is important to define nanostruc-
tures on photoresist. Many expensive methods such as e-beam, X-ray, or scanning 
probe lithography have been used but micrometer length nanowires cannot be 
achieved. Another less expensive alternative is electrodeposition of metal into a 
nanoporous template such as anodic aluminum oxide (AAO)  [58]  or block copoly-
mer self-assembly template  [59] . The disadvantages of a block copolymer template 
include thin thickness (that means short nanowires), nonuniform distribution, and 
poor parallelism of nanopores. However, AAO has benefits of higher thickness 
(>10 µm), uniform pore size and density, larger size and very parallel pores. Lin 
et al.  [60]   developed a new ACF with nanowires. They used AAO templates to 
obtain silver and cobalt nanowire arrays by electrodeposition. And then, low 
 viscous PI was spread over and filled into the gaps of nanowire arrays after surface 
treatment. The bimetallic Ag/Co nanowires could keep parallel during fabrication 
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by magnetic interaction between the cobalt and the applied magnetic field. The silver 
and cobalt nanowires/polyimide composite films could be obtained with nanowire 
diameter of about 200 nm and maximum film thickness up to 50 µm. The  X – Y  
insulation resistance is about 4–6 GΩ and  Z -direction resistance including the trace 
resistance (3-mm length) is less than 0.2 Ω. They also demonstrated the evaluation 
of this nanowire composite film by stress simulation. They found that the most 
important factor for designing nanowire ACF was the volume ratio of nanowires. 
But actually, the ratio of nanowires cannot be too small to influence the electric 
conductance. They concluded that it is important to get a balance between electric 
conductance and thermal–mechanical performance by increasing film thickness or 
decreasing the modulus of the polymer matrix instead of reducing the ratio of 
nanowires.  

  10.3.6 In Situ Formation of Nanoconductive Fillers in ACA/ACF 

 One of the challenging issues in the formation of nanofiller ACA/ACF is the disper-
sion of nanoconductive fillers in ACA/ACF. A lot of research has been going on in 
recent years to address the dispersion issue of nanocomposites because nanofillers 
tend to agglomerate. For the fine pitch electronic interconnects using nano-ACA/
ACF, the dispersion issues need to be solved. The efforts usually include the physical 
approaches such as sonication and chemical approaches such as surfactants. 
Recently, a novel ACA/ACF incorporated with in situ formed nanoconductive par-
ticles was proposed for next-generation high performance fine pitch electronic 
packaging applications  [61 ,  62] . This novel interconnect adhesive combines the 
electrical conduction along the  Z -direction (ACA-like) and the ultrafine pitch (<100 nm) 
capability. Instead of adding the nanoconductive fillers in the resin, the nanoparti-
cles can be in situ formed during the curing/assembly process. By using in situ for-
mation of nanoparticles, during the polymer curing process, the filler concentration 
and dispersion could be better controlled and the drawback of surface oxidation of 
the nanofillers could be easily overcome.       
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   Chapter 11   
  Nanoparticles in Microvias        

     Rabindra   N.   Das(*ü )    and    Frank   D.   Egitto        

  11.1 Introduction  

 Electronic packaging provides for mounting and physical support of electronic 
components, removal of heat from devices (e.g., integrated circuit chips), protec-
tion of devices from the environment, and electrical interconnection of components. 
This electrical interconnection enables distribution of both electronic signals and 
power throughout the package by means of multiple layers of metal circuit traces. 
Electrical interconnection between layers (vertically) is typically made with drilled 
and plated holes. 

 The demand for high-performance, lightweight, portable computing power is 
driving the microelectronics industry toward miniaturization of many electronic 
products and the components that comprise them  [1] . Greater I/O density of IC 
chips and more demanding performance requirements necessitate greater wiring 
density and a concomitant reduction in feature sizes for electronic packages. To 
incorporate a greater degree of electronic function into a smaller volume, circuit 
traces and the holes used to connect them must have smaller physical dimensions 
 [2 – 6] . The term “microvia” has been coined to describe small holes used for layer-
to-layer electrical interconnection. Somewhat arbitrarily, they are generally 
accepted to have diameters in the order of 150 µm, or smaller. 

 Today, the high end of the semiconductor market appears to be standard 
Application-Specific Integrated Circuits (ASICs), structured ASICs, and Field-
Programmable Gate Arrays (FPGAs). These devices continue to need an increasing 
number of signal, power, and ground die pads. A corresponding decrease in pad 
pitch is required to maintain reasonable die sizes. The combination of these two 
needs is pushing complex semiconductor packaging designs. This packaging chal-
lenge is especially critical in flip chip ball grid array (BGA) packages where the 
need for density has to coexist with good electrical, thermal, and reliability per-
formance. Migration from wirebond to flip chip packages has been driven by the 
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need to combine electrical and thermal performance advantages with density, without 
compromising component reliability. In flip chip designs, the backs of the die are 
exposed, so direct access is available for heat sinking as opposed to a wirebond 
die-up package. Further, flip chip packaging provides improvements in electrical 
performance, such as reduced power supply noise due to reduction in inductance as 
well as increases in power and ground connections. Flip chip packaging also pro-
vides significant increases in the number of rows of signal die pads that can be 
interconnected. However, typical flip chip packages increase the mechanical cou-
pling of the die to the printed wiring board (PWB). This normally results in lower 
reliability performance, either at the die bumps, as in the case of organic BGAs, or 
at the PWB-to-package interface, as is the case for ceramic BGA packages. Various 
interconnection methods have been employed to compensate for this increased 
coupling. Although a typical plastic flip chip package normally exhibits good BGA 
reliability, the coefficient of thermal expansion (CTE) mismatch between die and 
package typically limits the size of the device that can be used. Techniques such as 
BGA ball depopulation under the die, at the corners of the die, or at the die periph-
ery reduce mechanical coupling and therefore allow increased device sizes. 
Unfortunately, this reduces the improvement in signal I/O. Ceramic flip chip pack-
ages have good CTE match to silicon. However, these packages have a large CTE 
mismatch to the PWB. This constrains the package size and, in turn, constrains the 
package I/O. There are new materials that increase the CTE of the ceramic package 
to provide increased second level reliability performance at the expense of addi-
tional CTE mismatch to the die. Replacement of the BGA ball by a solder column 
is also helpful. 

 Specific organic package material sets have been investigated and developed to 
eliminate the deficiencies of both typical plastic and ceramic packages. A highly 
compliant poly(tetrafluoroethylene) (PTFE) material has been proven  [7]  to meet 
all these organic flip chip reliability challenges. But each new generation of device 
technology places further significant pressures on package density. 

 There are a number of traditional approaches to reducing size and increasing 
density in packages. These include reduction in the width and spacing of metal 
traces and the addition of wiring layers. Formation of circuit features with reduced 
dimensions by subtractive techniques is facilitated by the use of thinner metals 
(typically copper), but this sometimes compromises electrical performance by way 
of higher resistance of the thinner, narrower circuit lines. This shortcoming may be 
mitigated somewhat by the use of semiadditive (or pattern plating) processes to 
form lines having a greater aspect ratio (ratio of line height to line width). Adding 
wiring layers is a straightforward means of providing greater density of function in 
the package. However, added layers invariably translate to added cost. It is there-
fore imperative to make the most efficient use of real estate used for wiring to keep 
the number of wiring layers to a minimum. For interconnection with traditional 
plated through-hole (PTH) technology, two PTHs are required to complete a circuit 
trace. PTHs block channels that could otherwise be used for wiring (Fig.  11.1a ). 
Packaging designs that are most effective in optimizing the use of available wiring 
space incorporate blind and buried vias. As opposed to PTHs, blind and buried vias 
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do not span the full thickness of the substrate. A blind via is formed in a manner 
whereby it terminates on a previously formed metal feature internal to the sub-
strate, and is subsequently metallized. A buried via is formed as a through hole 
in a thin core. Following metallization and formation of circuit traces, the thin 
core is laminated with other subcomposites into a thicker substrate. In this chap-
ter, the term microvia is used to describe both blind and buried vias with small 
dimensions. Blind and buried vias provide for vertical electrical interconnection 
that can be terminated at any wiring plane(s), at any depth, within the packaging 
structure. Replacement of conventional plated through holes with such vertically 
terminated vias opens up additional wiring channels on layers above and below 
the terminated vias.  

 As via diameters decrease to accommodate more dense designs, plating of the 
vias becomes more of a challenge. This problem is alleviated to a degree by use of 
thinner, laser-friendly  [8 – 12]  dielectric materials. Although the use of blind vias 
frees up wiring space, its utility is limited by the challenge of plating blind vias with 
aspect ratios (depth to diameter) greater than 1:1. As the distance between the 
planes to be interconnected increases, it is necessary to either increase the size of 
the blind vias, or sequentially add several layers of dielectric material, each inter-
connected from layer to layer with blind vias. However, such a fabrication tech-
nique can be costly owing to the cumulative yield loss incurred when adding layers 
sequentially. 

 One method of extending wiring density beyond the limits imposed by these 
approaches, while fabricating structures with vertically terminated vias of arbitrary 
depth, is a strategy that allows for metal-to-metal  Z -axis interconnection of sub-
composites during lamination to form a composite structure  [13 – 19] . Interconnection 

  Fig. 11.1    Blind via use increases wiring density in circuit layers below the via       

Use of blind vias increases
wiring density.
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is made using an electrically conducting adhesive (ECA). The adhesive is generally 
in the form of a conductive paste. 

 During the past few years, there has been an increasing interest in using electri-
cally conductive adhesives as interconnecting materials in the electronics industry 
 [20 – 25] . Conductive adhesives are composites of polymer resin and conductive 
fillers. Metal-to-metal bonding between conductive fillers provides electrical con-
ductivity  [22 – 29] , while the polymer resin provides favorable processing attributes 
and mechanical robustness  [22 – 25 ,  30] . Several investigators have reported on the 
electrical resistivity of metal-filled polymer composites  [31 – 38] . In an effort to 
increase electrical conductivity, conductive adhesives usually have a high degree of 
filler loading. However, this tends to weaken the overall mechanical strength of the 
adhesive. For layer-to-layer electrical interconnection, reliability of the conductive 
joint formed between the conductive adhesive and the metal surface to which it is 
mated is of prime importance. 

 The area of nanotechnology, encompassing the synthesis of nanoscale materials, 
understanding and utilization of their exotic physicochemical and electronic prop-
erties, and organization of nanoscale structures into predefined superstructures, 
promises to play an increasingly important role in many key technologies of the 
new millennium  [39 – 51] . As far as high-density electronic packaging is concerned, 
there is an ever-growing need to achieve high-density PWBs and laminate chip 
carriers through  Z -axis electrical interconnection using paste-filled microvias  [13 – 19] . 
Current trends indicate that via diameters for PWBs are approaching 100 µm, 
whereas those in laminate chip carriers are in the order of 50 µm or less. Conductive 
adhesives can have broad particle size distributions, and larger particles can be a 
problem when filling smaller holes (e.g., diameter of 60 µm or less), resulting in 
voids. Consequently, researchers in the field of materials processing have been 
looking at nanoparticle approaches for the development of conductive adhesives 
that can fill smaller diameter holes. 

 Nanoparticles (1–100 nm) have been investigated for more than a decade using 
a rather wide range of experimental methods  [52 ,  53] . Various investigations of 
their chemical, mechanical, electrical, magnetic, and optical behavior have already 
demonstrated the possibility of controlling the properties of nanoparticles through 
control of the sizes of their constituent clusters or powders, and the manner in 
which the constituents are assembled. The microstructural features of importance 
include particle/grain size, distribution, and morphology. Nanoparticles exhibit a 
variety of considerably improved properties with respect to coarse-grained parti-
cles. These include increased hardness/strength, enhanced diffusivity, improved 
ductility and toughness, lower electrical resistivity, higher thermal expansion coef-
ficient, lower thermal conductivity, and soft magnetic properties. Recently, con-
ducting nanoparticles, nanotubes, and nanowires are getting significant attention in 
the microelectronics industry for miniaturization. Nanomaterials are flexible to use 
as conductive adhesives and inks and can be screen- or injection- printed to produce 
fine conducting features. Low-temperature sintering to achieve high conductivity is 
one of the major advantages of nanosystems. However, only limited literature is 
available on the electrical properties of nanoparticles within the microvia. 
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 In recognition of the importance and issues of nanoparticle-based conductive 
adhesives, there has been a worldwide research and development effort directed 
toward high-performance adhesives in recent years. The scope of this chapter is to 
summarize some recent activities and advances in the area of electrically conduc-
tive adhesives formulated using controlled-size particles, ranging from nanometer 
scale to micrometer scale, and used to fill small diameter holes (microvias) for 
 Z -axis electrical interconnection applications. A purpose of this review is to provide 
a better understanding of the nature of nanoparticle-based conductive adhesives, as 
well as to highlight the significant progress made on microvia filling for  Z -axis 
electrical interconnections. In particular, a strategy that allows for metal-to-metal 
 Z -axis (vertical) interconnection using ECA-filled microvias is described. This 
chapter discusses nanoparticles and nanoparticle-based conducting adhesives in 
microvias for these  Z -axis interconnections. Recent work on adhesives formulated 
using controlled-size particles to fill small-diameter microvias is highlighted, par-
ticularly with respect to their integration into organic laminate chip carrier sub-
strates. The mechanical strength and reliability of the electrically conductive joints 
formed between the adhesive and metal surfaces are addressed. A variety of con-
ductive adhesives with particle sizes ranging from nanometer scale to submicron 
and micron scale were investigated. The review also describes the microstructures, 
conducting mechanism, volume resistivity, mechanical strength, and reliability of 
adhesives formulated with a variety of metals and alloys, such as Cu, Ag, and low 
melting point (LMP) alloy, used as conductive filler particles in the ECA. As a case 
study, an example of a silver-filled conductive adhesive used to fill microvias for 
 Z -axis interconnection in a flip chip plastic ball grid array package having a 150-µm 
die pad pitch is given. The processes and materials used to achieve smaller feature 
dimensions, satisfy stringent registration requirements, and achieve robust electri-
cal interconnections are discussed.  

  11.2 Electrically Conductive Adhesives/Inks for Microvias  

 A conductive adhesive is a composite material consisting of a nonconductive poly-
mer binder and conductive filler particles. When the filler content is high enough, 
the system is transformed into a good electrical conductor. Conductive-adhesive-
filled microvias can provide the conductive path required to achieve connection 
from one circuit element to another. Electrical connection is achieved primarily by 
interparticle conduction. For electrical conduction, particles should make intimate 
contact (physical and/or tunneling) and form a network (conductive chain), which 
helps in the transfer of electrons. This conductive path is formed at a threshold vol-
ume fraction of conductive filler, which can be calculated using the percolation 
theory of spherical particles. Conductive ink composed of metal particles can also 
be used in microvias. Inks are typically made of a dispersion of nanoparticles in 
solution. Metal-to-metal sintering between conductive filler particles provides 
electrical conductivity. 

Morris_Ch11.indd   213Morris_Ch11.indd   213 9/29/2008   8:07:51 PM9/29/2008   8:07:51 PM



214 R.N. Das, F.D. Egitto

 The electrically conductive material used for via filling must be corrosion-resistant, 
easily adaptable to the existing manufacturing process (e.g., screen printing), dem-
onstrate low shrinkage after processing, possess high mechanical strength, exhibit 
good adhesion to PCB materials, and be available at a low cost. Figure  11.2  shows 
a typical example of a conductive adhesive used in the micovia. Here conducting 
particles provide low resistance, and the polymer component of the adhesive pro-
duces reliable bonding within the joints. Conductive adhesives used for via filling 
generally need to be isotropic conductive adhesives (ICAs), that is, exhibit good 
conductivity in all directions. Figure  11.2  shows land-to-land ( z -direction) and 
inner plane connections ( x ,  y  direction). Either thermosetting or thermoplastic 
materials may be used as the polymer matrix in the adhesive. Epoxy, cyanate ester, 
silicone, and polyurethane are all widely used thermosets. Phenolic epoxy, maleimide, 
acrylic, and preimidized polyimide are commonly used thermoplastics. Thermoset 
epoxies are by far the most common binders. They provide excellent adhesive 
strength, good chemical and corrosion resistance, and low cost. Thermoplastics are 
usually added to allow softening and rework under moderate heat. An attractive 
advantage of thermoplastic ICAs is that they are reworkable, that is, they can easily 
be repaired. A major drawback of thermoplastic ICAs, however, is the degradation of 
adhesion at high temperature between the ICA and the substrate to which it is bonded. 
A drawback of polyimide-based ICAs is that they generally contain solvents. During 
heating, voids are formed when the solvent evaporates. Most commercial ICAs are 
based on thermosetting resins.  

 Conductive fillers provide the composite with electrical conductivity through 
contact between the conductive particles. Conductive filler materials include silver 
(Ag), gold (Au), nickel (Ni), copper (Cu), and carbon (C) particles in various sizes 
and shapes. Among the different metal particles, Ag flakes are the most commonly 
used conductive fillers for current commercial ICAs because of their high conduc-
tivity, simple paste formulation process, and excellent contact among the flakes. 
In addition, Ag is unique among all the cost-effective metals by nature of its 
conductive oxide. Oxides of most common metals are good electrical insulators. 
Copper powder, for example, becomes a poor conductor after aging. Nickel- and 

  Fig. 11.2    Photograph of a cross section showing a conductive adhesive in a microvia. In this 
instance, interconnection is made vertically between copper pads, and laterally to a copper inner 
plane       
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copper-based conductive adhesives generally do not have good resistance stability, 
because both nickel and copper are easily oxidized. Even with antioxidants, copper-
based conductive adhesives show an increase in bulk resistivity after aging, espe-
cially under high-temperature and high-humidity conditions. Table  11.1  summarizes 
bulk resistivities of some pertinent materials.      

  11.3 Nanoparticle-Based Conductive Adhesives in Microvias  

  11.3.1 Material Categories 

 The term “nanoparticle” generally refers to the class of ultrafine metal particles 
with a physical structure or crystalline form that measures less than 100 nanometers 
(nm) in size. Nanoparticles can be 3D (block), 2D (plate), or 1D (tube or wire) 
structures  [54 ,  55] . In general, nanoparticle-filled conductive adhesives are defined 
as containing at least some percentage of nanostructures (1D, 2D, and/or 3D) that 
enhance the overall electrical conductivity or sintering behavior of the adhesives. 
Figure  11.3  represents a theoretical comparative model for a variety of possible 
structures based on powder filling in a microvia. In this model, the volume of the 
microvia is constant for all six cases. Conductivity is achieved through metal–metal 
bonding. Increasing the number density of particles increases the probability of 
metal–metal contact. Each contact spot possesses a contact resistance. For micro-
particles, the number density of particles will be much less than for nanoparticles. 
Therefore, microparticle-filled vias will tend to have a lower contact resistance 
(fewer contacts required over a given length), although the probability of particle–
particle contact will be less. In the case of a nano–micro mixture, the microscale 
particles could maintain a low contact resistance, whereas the nanoscale particles 
can increase the number of particle contacts. Nano- and microparticle mixtures 
could be nanoparticle–microparticle, nanoplate (2D)–microparticle, nanotube 
(1D)–microparticle, or any combination of these three cases.  

 Table 11.1    Resistivities of various materials  

 Materials  Resistivity (Ω cm) 

 Cured unfilled epoxy  10 15  
 Diamond  10 14  
 Glass  10 10  
 Undoped ICP  10 10  
 Silicon  10 5  
 Doped polyaniline  10 −1  
 Best ICP  10 −4  
 Nanotubes  10 −4  
 Silver-filled epoxy  10 −4  
 Solder  10 −5  
 Silver  10 −6  
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 Another possibility is the use of a LMP filler. The LMP filler melts and reduces 
interparticle resistance. Hence, nanoparticle-based conductive adhesives can be 
categorized as nano, controlled micro, nano–micro, or LMP-based systems. Finally, 
use of a conducting polymer  [56 ,  57]  instead of the high-resistance polymer binder 
has been reported to enhance the overall conductivity of adhesives. 

  11.3.1.1 Nano-Based Adhesives (Nbas) 

 Metal nanoparticles with particle size less than 100 nm are useful for developing a 
variety of ink or paste formulations that can be used to generate small conducting 
features. Larger particles can be a problem when filling small micovias, resulting 
in voids. Such problems can be solved by employing nanometer-sized metal parti-
cles. However, aggregation of the particles driven by van der Waal forces and/or 
high surface energies must be overcome. Homogeneous dispersion of fine nanopar-
ticles in the organic matrix is a critical step to achieve highly conducting adhesives 
that sinter at low temperatures. Organic modification of the surface of the particles 
can alter the surface energy of the particles such that aggregate-free dispersions can 
be obtained  [58] . A silane modifier can influence dispersibility but may also alter 
the curing behavior (e.g., cross-link density) of the polymeric matrix  [59 ,  60] . 
Organic protective agents  [61]  such as polyvinyl pyrrolidone (PVP) protect nano-
particles from agglomerations and disperse easily in an organic matrix. In the case 
of inks, nanoparticle inks can be used to fill microvias using an ink-jet process 
 [61 – 67] . 

 Nanoparticles can self-sinter and form a continuous conduction path. The high 
surface area possessed by nanoparticles necessitates an excess amount of solvent to 

  Fig. 11.3    A variety of adhesive-filled microvia structures. The adhesive consists of a polymer and 
( a ) nanoparticles, ( b ) controlled-size microparticles, ( c ) nanomicroparticle mixture, ( d ) nanotube/
wire–microparticle mixture, ( e ) microparticle–sheet/flake (2D), and ( f ) micro/nano–low melting 
point (LMP) particles       
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make a highly loaded silver paste or ink. Figure  11.4  shows the microstructure of a 
nano silver-filled adhesive. Nanofilled adhesives achieve electrical conductivity 
through sintering during the polymer curing and solvent evaporation process. 
However, solvent evaporation may cause paste shrinkage. Adhesives with high cure 
shrinkage generally exhibit voiding leading to resistive opens. Therefore, it is 
important to use as little solvent as possible in pastes used for via filling. 
Nanoparticles, nanotubes, and nanowires can be used as fillers for pastes used in 
via fill applications. For example, a novel ICA has been developed by using Ag 
nanowires as conductive fillers. The electrical and mechanical properties of this 
adhesive were compared with that of conventional ICAs filled with micrometer-
sized Ag particles, or nanometer-sized Ag particles  [68] . It was found that at a 
lower filler content, the ICA filled with Ag nanowires exhibited lower bulk resistiv-
ity and higher shear strength than the ICA filled with micrometer-sized Ag particles 
or nanometer-sized Ag particles. Carbon nanotube-based adhesives are another 
possible option for use in microvias  [69 ,  70] .   

  11.3.1.2 Controlled-Size Submicroparticles and Microparticles 

 As particle size increases from nano to micro, the sum of the surface areas of the 
particles within a given volume decreases. Microparticles need higher loading to 
achieve percolation. Particle size and distribution of particles is important for via 
fill applications. Larger particles could plug a microvia during the filling opera-
tion, and generate voids and open circuits. Recently, controlled-size particles in 
the range of a few microns have been given interest for via fill applications  [13] . 
Figure  11.5  shows Cu- and Ag-based microparticle-filled conductive adhesives. 
In the silver adhesive, the average filler diameter is in the range of 5 µm. Filler 
loading was high and adjacent particles united mutually, and necking phenomena 
between fillers occurred; namely, a conduction path was achieved  [26] , as shown 
in Fig.  11.5a . A similar result was observed for an adhesive filled with 4-µm Cu 
particles  ( Fig.  11.5b ). A mixture of different shapes and sizes of microparticles 

  Fig. 11.4    SEM micrograph of a nanoparticle-based conductive adhesive       
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can be used for highly conductive adhesives. Silver particles consisting of a mix-
ture of micro (2.0–3.5 µm) granular particles, submicro (0.6–1.5 µm) granular 
particles, and flake (0.5–5.0 µm) particles have been used to achieve very low 
resistivity  [71] . Silver flakes sometimes show thickness in the submicron to 
nanometer range. Low-cost submicrometer nickel particles can also be used for 
conductive adhesives  [72] . Metal nanocoated microparticle-based adhesives are 
also used in microvia applications. One of the common examples is the use of 
gold- or silver-coated copper particles  [73] . Typically, the gold or silver nanocoating 
protects copper surfaces from oxidation.   

  11.3.1.3 Nano–Micro Mixture 

 Nanosized conductive particles have been proposed as conductive fillers in ICAs 
for fine pitch interconnects. Although the nanosilver fillers in ICAs can reduce the 
percolation threshold, there has been concern that incorporation of nanosized fillers 
may introduce more contact spots due to their high surface area, and consequently 
induce higher resistivity compared with micron-sized fillers. In nano–micro mix-
tures, nanoparticles occupy interstitial positions to improve particle–particle con-
tact for conductivity  [13] . Figure  11.6  represents microstructures of nano–micro 
silver-filled adhesives. It can be seen that individual nanoparticles connect the 
larger microparticles.  

  Fig. 11.5    Micrographs for the cross-sectional views of adhesives made with ( a ) silver micropar-
ticles, and ( b ) Cu microparticles       
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 Addition of 2% (wt/wt) nanoparticles into microparticles dispersed in epoxy was 
reported to improve electrical conductivity  [74] . Another study  [75]  showed that 
addition of nanoparticle content to conventional conductive adhesives increased 
electrical resistance. Addition of nanosized silver colloids to microsized Ag flakes 
usually increased resistivity, probably due to increased contact resistance. Only 
near the percolation threshold would the addition of nanosized silver particles 
decrease resistivity by helping to form a conductive path. It was also reported  [76]  
that addition of nanosized particles to microparticles reduced the percolation 
threshold from 60 to 50 wt%, but increased overall resistivity. Nanosized silver 
particles can fill the gaps between silver flakes of conductive adhesives and help 
electron transport at lower metal loading. However, due to the small particle size 
and high surface area (and consequently, high contact resistance) of nanoparticles, 
the measured resistivity of the adhesives was higher than that of the Ag-flake-filled 
adhesives. So, it is clear that resistivity of nano–micro system will depend on their 
particle sizes (nano/micro) and concentration.  

  11.3.1.4 LMP Fillers 

 Another interesting approach for improving electrical conductivity is to incorporate 
LMP filler into the epoxy matrix  [77 – 79] . Solder is the best-known example of a 
LMP material. A LMP/polymer composite paste material can be developed by mix-
ing solder powder particles, thermoplastic polymer resin in a volatile solvent, and 
a fluxing agent  [77] . Upon reflow, an oxide-free, partially coalesced LMP/solder 
connection is obtained, which is polymer-strengthened and reworkable at a low 
reflow temperature or in the presence of an organic solvent. It is also possible to 
use a hybrid of solder and metal powder with high melting point to exploit the 
advantages of both  [78] . This conductive adhesive is a mixture of a LMP powder, 
a metal powder of high melting point (such as copper), a fluxing agent, a polymer 
resin, and other additives. The low-melting-alloy filler melts when its melting point 

  Fig. 11.6    SEM micrograph showing a cross-sectional view of an adhesive with a mixture of silver 
nanoparticles and microparticles       
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is achieved during the cure of the polymer matrix. The liquid phase dissolves the 
high melting point particles. The liquid exists only for a short period of time and 
then forms an alloy and solidifies. Electrical conduction is established through a 
plurality of metallurgical connections formed in situ from these two powders in a 
polymer binder. Figure  11.7  shows a cross section of a LMP-based adhesive. LMP 
melts and produces a continuous metallic network. Here, the electrical connection 
is established through transient liquid phase sintering (TLPS) among metal and 
LMP powders. High electrical conductivity can be achieved using this method  [79] . 
One critical limitation of this technology is that the number of combinations of 
low-melting and high-melting fillers is limited. Only certain combinations of two 
metallic fillers, which are mutually soluble, exist to form this type of metallurgical 
interconnections.    

  11.3.2 Nanoparticle Sintering 

 In general, nanoparticles in conductive adhesives can reduce the percolation thresh-
old and introduce more contact spots due to the high surface area, and consequently 
induce higher resistivity compared with micron-sized fillers. A recent study showed 
that nanosilver particles could exhibit sintering behavior at the curing temperature 
of adhesives  [80] . It is well established that sintering temperature increases with 
increasing particle size. Addition of nanoparticles into microfilled adhesives will 
reduce sintering temperature significantly. The number of contact spots of nanopar-
ticles is greater than with microparticles, for the same volume, as shown in Fig.  11.3a ,  b . 

  Fig. 11.7    Micrograph showing the cross-sectional view of adhesives made with LMP fillers       
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The overall resistance of the adhesive-based inerconnection is the sum of the resist-
ances of the individual fillers, the resistance between fillers (interparticle resist-
ance), and the resistance between the filler and pads. To decrease the overall 
resistance, it is desirable to reduce the contact resistance between filler particles, 
and rely more on bulk metal conductance. If nanoparticles are sintered together, 
then the number of contacts between filler particles is reduced. This leads to lower 
contact resistance (Fig.  11.8 ). By using effective surfactants for the dispersion, and 
effectively capping those nanosized silver fillers in ECAs, obvious sintering behav-
ior of the nanofillers can be achieved. As a result, an improved electrical conductiv-
ity of nanosilver-filled ICAs can be achieved at a lower loading level than that of 
microfilled ICAs with a filler loading of 80 wt% or higher. Sintering of silver adhe-
sive was further evaluated using high-temperature curing. Here a mixture of nano 
and micro silver particles was used. Figure  11.8  shows a SEM micrograph of an 
ECA fabricated using a mixture of silver nanoparticles and microparticles, and 
cured at 275°C. Sintering is observed, and conductivity is achieved through a con-
tinuous metallic network. Comparable sintering was not observed at this tempera-
ture for ECAs fabricated without the addition of nanoparticles. It appears that at a 
sufficiently high concentration, nanoparticles are more prone to immediate parti-
cle–particle contact, facilitating sintering.   

  11.3.3 Conductivity Requirements in Microvias 

 Obviously, low resistance is a desirable attribute of joints formed by conductive 
adhesive-filled microvias. Typical volume resistivity of the conductive adhesives is 
in the range of 10 −3  to 10 −6  Ω cm. Volume resistivity of Cu, LMP, and silver-filled 
pastes has been reported  [13]  to be 5 × 10 −4 , 5 × 10 −5 , and 2 × 10 −5  Ω cm, respec-
tively, for conductive adhesives cured at ∼190°C for 2 h. All composites fabricated 

  Fig. 11.8    SEM micrograph of an electrically conducting adhesive (ECA) fabricated using a mix-
ture of silver nanoparticles and microparticles, and laminated at 275°C. Sintering is observed       
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from LMP and Cu–epoxy nanocomposites showed a resistivity of about 10 −4  to 10 −5  
Ω cm, whereas silver composites showed resistivity of about 10 −4  to 10 −6  Ω cm. 
Silver nanoparticles showed volume resistivity in the range of 10 −4  Ω cm, and the 
resistivity decreased to 10 −5  Ω cm when nano–micro mixtures were used. Resistivity 
was lowest for silver-filled paste. Volume resistivity decreases with increasing cur-
ing temperature due to sintering of metal particles. Figure  11.9  shows volume 
resistivity of silver–epoxy adhesive as a function of curing temperature. There is a 
significant resistivity drop with increasing curing temperature from 150 to 175°C.  

 Exposure of ECAs to ambient conditions before curing can affect paste proper-
ties of the final product. Figure  11.10  presents volume resisitivity values for the 
same adhesive, cured at various temperatures, as a function of aging times  [13]  at 
room temperature prior to thermal curing. After 72 h, curing of the ECA at 50, 190, 
and 265°C resulted in values of 50 × 10 −5 , 32 × 10 −5 , and 2 × 10 −5  Ω cm, respectively. 
Change in resistivity with aging was significant when cured below 200°C, but it was 
not significant when cured at or above 250°C. A sharp increase in resistivity is 
observed up to 24 hours of aging, and thereafter it increases slowly.  

 Figure  11.11  shows viscosity as a function of exposure time at room temperature 
for a silver-filled epoxy ECA. Viscosity measurement was done using a 50-Pa stress 
under N 

2
 . Adhesive viscosity increased by about 30% after 40 h, and doubled after 

70 h. Differential Scanning Calorimetry (DSC) measurements indicated that this 
change was the result of polymer cross-linking such that the adhesive was partially 
cured at room temperature. When subsequently cured at 200°C, the resistivity of 
this adhesive is greater than that of cured adhesive that was not stored at room tem-
perature for any significant time. For curing above 250°C, particle sintering plays 
an important role in maintaining low volume resistivity or high conductivity.  

  Fig. 11.9    Volume resistivity of silver adhesive as a function of curing temperature       
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 In general, ICA pastes exhibit high resistivity before cure, but the conductivity 
increases dramatically after curing. ICAs achieve electrical conductivity during the 
polymer curing process as a result of shrinkage of the polymer binder. Accordingly, 
ICAs with high cure shrinkage generally exhibit better conductivity. With increas-
ing cross-linking density of ECAs, the shrinkage of the polymer matrix increases, 
and subsequently decreased resistivity is observed. For epoxy-based ICAs, a small 
amount of a multifunctional epoxy resin can be added into an ICA formulation to 
increase cross-linking density, shrinkage, and thus increase electrical conductivity. 

  Fig. 11.10    Volume resistivity of silver adhesive with aging as a function of curing temperature       
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  Fig. 11.11    Viscosity as a function of exposure time at room temperature for a silver–epoxy 
ECA       
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Jeong et al.  [81]  reported the effect of curing behaviors, solvent evaporation, and 
shrink on conductivity of adhesives. As curing time increases, the silver particles in 
the polymer are concentrated due to the incremental solvent evaporation rate and 
the shrink rate. As a result, the silver particles in the polymer form an electric path. 
These results reveal that the increased shrink rate and solvent evaporation rate in 
conductive adhesives during the curing process improve their conductivity. 

 With the addition of only a small amount of short-chain dicarboxylic acid, the 
conductivity of ICA can be improved significantly due to the easier electronic tun-
neling/transportation between Ag flakes, and subsequently the intimate flake–flake 
contact  [82] . The conductivity of silver oxides formed at the surface of silver flakes 
is inferior to that of the metal (silver) itself. Incorporation of reducing agents such 
as aldehydes further improves the electrical conductivity of ICAs due to a reduction 
reaction between aldehydes and silver oxides that generates pure metal silver in 
ECAs during the curing process  [83] . 

 Electrical resistivity of the specimens also varied significantly depending on the 
subsequent annealing process. However, the electrical resistivity achieved after 
annealing at temperatures above the curing temperatures clearly depended on the 
particular curing temperature that was used. The characteristics of the polymer 
structure in the adhesive binder vary with curing temperature, and this affects the 
electrical properties of the ICA. That is, the characteristics of the polymer structure 
obtained during the curing process affect the electrical resistance of the ICA, even 
after subsequent annealing processes.  

  11.3.4 Adhesion of Conductive Joints 

 Adhesion between the adhesive and the substrate to which it is mated is critical to the 
reliability of the semiconductor package. There are two types of adhesion mecha-
nisms, physical bonding and chemical bonding, which contribute to the overall adhe-
sion strength of a polymer on a surface  [84] . Chemical bonding involves the formation 
of covalent or ionic bonds to link the polymer and the substrate  [84] . Physical bond-
ing involves mechanical interlocking or physical adsorption between the polymer and 
the surface of substrate. In mechanical interlocking, polymer and substrate interact on 
a more macroscopic level, where the polymer flows into the crevices and the pores of 
the substrate surface to establish adhesion  [84] . Therefore, a polymer is expected to 
have better adhesion on a rougher surface because there is more surface area and 
“anchors” to allow for interlocking between the polymer and the substrate. 

 Bond strength of adhesive joints was evaluated using 90° peel test and tensile 
strength measurements. Peel strengths as high as 2.75 lbs/in. were measured for silver-
filled pastes on roughened Cu foils, while LMP-filled pastes yielded peel strengths as 
low as 1.00 lb/in. Temperature cycle tests were run using a thermal shock chamber, 
cycling between −55 and 125°C, with exposure times of 10 min at each temperature. 
Tensile strength was measured before the test, and after 1,000 cycles, using an MTS 
tensile testing machine at a pulling rate of 0.025 in./min, and measuring until the joint 
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ruptured. All pastes were stable after 1,000 cycles and maintained similar (within 10%) 
peel and tensile strength, even after 1,000 cycles. For all tensile strength test samples, 
cohesive failure within the paste was the observed failure mode. Table  11.2  summa-
rizes 90° peel strength and tensile strength for various conductive adhesives. Silver-
filled paste yielded the maximum mechanical strength.     

 Plasma cleaning of surfaces has been considered as one of the effective 
approaches to enhance the adhesion strength of conductive adhesives  [85] . During 
the plasma etching process, the plasma radicals react with contaminants, and long-
chain organic molecules can be broken down into small gaseous ones (mostly gaseous 
water and carbon-oxide conjunctions). These particles can be removed during the 
plasma cleaning process. 

 Another approach to improve adhesion is by using coupling agents  [86] . 
Coupling agents are organofunctional compounds based on silicon, titanium, or 
zirconium. A coupling agent consists of two parts and acts as an intermediary to 
“couple” the inorganic substrate and polymer. For example, silane has different 
type organic chains that interact with the polymer and the substrate. Gianelis et al. 
reported various silane coupling agents  [87] . Roughening of surfaces, for example, 
by sand blasting, chemical etching, plasma treatment, or anodization to specific 
morphologies has been employed to enhance the adhesion strength and provide 
structural durability in humid or corrosion environments  [88 ,  89] . 

 A further approach is to lower the elastic modulus of adhesive resins. By using low 
elastic modulus resins, the thermal stress at the adhesion interface can be reduced, 
improving the adhesion strength  [90 ,  91] . However, a modulus value that is too low 
deteriorates the cohesive force and thus, decreases the adhesion strength. Therefore, 
the elastic modulus needs to be optimized to improve the adhesion properties. 

 In addition to the methods listed earlier, other factors such as curing conditions and 
IC packaging structure may also affect the adhesion strength of conductive adhesives.  

  11.3.5 Reliability of Conductive Joints 

 Conductive adhesives are of little value in electronic packaging unless they can survive 
the rigors of testing, which modules or boards receive. To test the reliability of joints 
formed using conductive adhesives, a film of adhesive about 100-µm thick was lami-
nated between two copper substrates. The adhesive film was surrounded by a 100-µm 
thick layer of glass cloth-reinforced dielectric (prepreg). The surrounding 100-µm thick 
dielectric helped to maintain proper adhesive thickness during lamination. Reliability 

 Table 11.2    Tensile strength and failure modes for a variety of ECA formulations  

 Adhesive  90° Peel strength (lb/in.)  Tensile strength (PSI)  Failure mode 

 Low melting point 
(LMP) alloy 

 1  600  Cohesive 

 Copper (Cu)  1.77  2,056  Cohesive 
 Silver (Ag)  2.75  3,370  Cohesive 
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of the laminate was ascertained by pressure cooker test (PCT), solder shock, and IR 
reflow. For PCT, samples were exposed to 100% humidity with a constant pressure of 
19 PSI at 121°C. Table  11.3  summarizes test results. Samples were stable after reliability 
test, and there was no delamination after PCT, solder shock, and IR reflow. Laminates 
were also exposed to PCT (4 h) followed by 15 s of solder dip at 260°C.       

  11.4 Microvia Hole-Fill Study  

 Reliable metal–epoxy adhesives were used for microvia fill applications to fabri-
cate  Z -axis interconnections in laminates. Figure  11.12  shows LMP, Cu, and Ag 
adhesive-filled microvias as representative examples. Holes having a diameter of 
roughly 55 µm, with an aspect ratio of about 3:1 , were filled with different pastes. 
All pastes had continuous connection from top to bottom. LMP melted and grew as 
a big grain and separate organics (black regions). Cu and Ag both maintained their 
particle–particle connection mechanism and also maintained paste uniformity in 
the holes. Thus, it is possible to make a wide variety of conductive adhesives that 
can be used for  Z -axis electrical interconnection in electronic packages.  

 Reliability of conductive joints in the test vehicle was further examined by 1,000 
cycles of deep thermal cycling (DTC), IR reflow (3X, 225°C), PCT, and solder 
shock. No intrinsic failure mechanisms were observed. There was no delamination. 
Conductive joints are stable even after multiple IR reflow (3X) followed by multiple 
(3X, 15 s) solder dips.  

  11.5  Case Study: Test Vehicle with Filled Microvias 
for  Z -Axis Interconnection  

  11.5.1 Core Fabrication 

 Integral to the methodology described in this chapter is the use of core building 
blocks that can be laminated in a manner such that electrical interconnection 
between adjacent cores is achieved. The cores can be structured to contain a variety 

 Table 11.3    Reliability test results  

 Tests  Silver adhesive  Cu adhesive  LMP adhesive 

 IR reflow (3X reflows at 225°C)  Passed  Passed  Passed 
 PCT (4 h) (121°C/100%RH)  Passed  Passed  Passed 
 Solder shock (15 s dip at 260°C)  Passed  Passed  Passed 
 IR reflow + PCT + Solder shock (3X 

reflows + 121°C/100%RH + 15 s solder 
dip at 260°C) 

 Passed  Passed  Passed 

 IR reflow + solder (3X reflows + 15 s solder 
dip at 260°C) 

 Passed  Passed  Passed 
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of arrangements of signal, voltage, and ground planes. In addition, signal, voltage, 
and ground features can reside on the same plane. As a case study, this  z -intercon-
nection methodology was used to fabricate a package for a flip chip device having 
a pad pitch of 150 µm. Two basic building blocks are used for this case study 
(Fig.  11.13 ). One is a 2S/1P core. The power plane (P), a 35-µm thick copper foil, 
is sandwiched between two layers of a PTFE-based dielectric. The PTFE is filled 
(60% by weight) with silica particles to achieve a reduced CTE for the dielectric 
material, more closely matched to that of copper. PTFE is used because of its favo-
rable electrical, mechanical, and thermal properties. The dielectric constant and 
loss tangent of the silica-filled PTFE at 10 GHz are 2.7 and 0.003, respectively.  

  Fig. 11.12    Adhesive-filled joining cores ( a ) LMP, ( b ) Cu, and ( c ) silver       
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 The signal (S) layers comprise copper features generated using a semiadditive 
( pattern plating) process. A line thickness of 12 µm was achieved with minimum 
dimensions for line width and space of 25 µm each. Minimum land-to-line spacing 
was also 25 µm. Laser-drilled through vias had a diameter of 40 µm while blind 
vias were laser-drilled with a 50-µm diameter. The latter diameter was selected to 
avoid the need to plate blind vias having an aspect ratio greater than 1:1. The diam-
eter of plated pads around the through and blind vias was 75 µm. These dimensions 
enabled wiring designs having one line per channel in the most densely populated 
areas of the chip site. 

 The second building block in this case study is a 0S/1P core, or “joining core.” 
This core is constructed using a copper power plane, 35-µm thick, sandwiched 
between layers of a dielectric material composed of a silica-filled allylated polyphe-
nylene ether (APPE) polymer. Dielectric constant of this material is 3.23 at 1 GHz 
and the dielectric loss tangent is 0.003 at 1 MHz. Through holes in the core are 
filled with an electrically conductive adhesive (as seen in Fig.  11.12 ). Figure  11.14  
shows a process flow chart for fabrication of the 0S/1P cores.   

  11.5.2 Composite Lamination 

 By alternating 2S/1P and 0S/1P cores in the lay-up prior to lamination, the conduc-
tive paste electrically connects copper pads on the 2S/1P cores that reside on either 
side of the 0S/1P core. Two signal layers are added to the composite structure each 
time one adds an additional 2S/1P core and an additional 0S/1P core. A structure 

  Fig. 11.13    Parallel lamination of subcomposites (cores) to form a laminate chip carrier having 
four signal wiring planes with a stripline transmission line structure       
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with four signal layers composed of five subcomposites (two 2S/1P cores and three 
0S/1P cores) is shown schematically in Fig.  11.13 . Although this particular con-
struction comprises alternating 2S/1P and 0S/1P cores, it is possible to place multi-
ple 0S/1P cores adjacent to each other in the stack. 

 The adhesive-filled joining cores were laminated with circuitized subcomposites 
to produce a composite structure. High temperature/pressure lamination was used 
to cure the adhesive in the composite and provide  Z -interconnection among the 
circuitized subcomposites. Figure  11.15  shows optical photographs and SEM 
micrographs, taken prior to composite lamination, of a joining core having paste-
filled holes with a diameter of 55 µm. It can be seen that the conductive adhesive 
height is higher than that of the surrounding dielectric (see Fig.  11.15d ). This 
excess height helps to produce robust conductive joint between two 2S/1P cores 
during lamination process. Photographs of a composite laminate structure are 
shown in cross section in Fig.  11.16 .  

 Special processing of the metal surfaces on 2S/1P cores and the conductive paste 
in the 0S/1P cores is required to provide robust and reliable joints with the conductive 
paste. Figure  11.17a  shows photos of a cross section taken from a laminate for 
which metal surfaces were not treated to provide robust mating with the paste. 
Following exposure of the laminate to four cycles of conditions that simulated solder 
reflow temperatures, the paste separates from the opposing metal surface. Figure  11.17b  
illustrates the result after similar temperature cycling for metal surfaces that have 
been treated. These joints are very robust.  

 Figure  11.18  ( top ) shows a SEM micrograph of a portion of a via stack, in cross 
section, from which the dielectric surrounding the plated via in the 2S/1P core and 
the paste column in the 0S/1P core had been removed using a CO 

2
  laser. The bottom 

micrograph in Fig.  11.18  shows the metal pad, 75-µm diameter, after having been 
removed from the laminated composite. The conductive paste column in contact 
with this land was fractured after removal. The fracture occurred within the paste, 

  Fig. 11.14    Schematic process flow for fabrication of a 0S/1P joining core       
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  Fig. 11.17    Photographs of cross sections taken from temperature-cycled metal–paste joints for 
which the metal mating surfaces were untreated ( a ) and treated ( b )       

a b

Paste Paste

Fig. 11.15 Photographs of adhesive-filled joining cores: (a) large-area optical photograph, (b) 
higher magnification optical photograph, (c) corresponding low-magnification SEM micrograph, 
and (d) higher magnification SEM micrograph

Conductive 
adhesive  Dielectr ic 

a b

dc

  Fig. 11.16    Photograph of  z -interconnect laminates shown in cross section       
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indicating that the joint between the metal and the paste had extremely good 
mechanical integrity.  

 The  z -interconnect package technology in tkhis study uses a high-performance 
material set to yield excellent reliability and electrical performance  [47 ,  92 ,  93] . 
It also offers excellent escape density and wireability. In addition to making wiring 
channels available, this  z -interconnection technology reduces losses for high-speed 
signals. PTHs have been replaced with blind and buried vias, reducing or eliminat-
ing stubs (Fig.  11.19 ).   

  11.5.3 Reliability of Paste-Filled Microvias in the Final Package 

 For the laminate in the earlier example, the average CTE of the composite is 
18.3 ppm/°C. This is comparable to that of copper, 17 ppm/°C, whereas the CTE of 
the silica-filled PTFE is 25 ppm/°C, and that of silica-filled APPE is 41 ppm/°C. It 
is apparent that the CTE of the laminate structure is dominated by that of the copper 
planes in the composite cross section. 

 The test vehicle was a chip carrier having a flip chip die pad pitch of 150 µm. 
The die size was 9.3 mm 2   owing to the limitation of the BGA I/O (pitch and substrate 

  Fig. 11.18    SEM micrograph showing cross section of paste-to-land joint in via stack ( top ). The 
dielectric surrounding the stack had been removed from the cross section using a CO 

2
  laser. A 

SEM micrograph of the joint circled in the  top  photo after removal of the via stack from the sam-
ple, and fracture of the paste column is shown in the  bottom  photo. Silver paste remained on the 
land after fracture       
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body size) and the die pad pitch. The body size (package outer dimensions) was 
52.5 mm 2  with a 1-mm BGA pad pitch. 

 Assembled components (chip on composite) were subjected to JEDEC level 4 
preconditioning per the following conditions:

   Five cycles from −40 to +60°C  
  Twenty-four hours at 125°C  
  Ninety-six hours at 30°C and 60% RH  
  3X reflows, 225°C peak    

 Components were then subjected to environmental stress testing using the tests 
and conditions outlined in Table  11.4 . No intrinsic failure mechanisms were 
observed. There was no die cracking, underfill delamination, BGA ball fatigue, 
dielectric cracking, or delamination.       

  11.6 Conclusion  

 Nanoparticles and nanoparticle-based adhesives have shown remarkable advan-
tages and are attractive for use in microvia fill applications. A variety of nano- and 
microfilled Cu, silver, and LMP-based conducting adhesives can be used in microvias 

  Fig. 11.19    Ability to terminate vias at any internal layer ( bottom ) provides additional channels 
for wiring and reduces or eliminates stubs associated with PTHs ( top )       
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for  Z -axis interconnection. High aspect ratio, small diameter (∼55 µm) holes have 
been successfully filled. Reports show that silver-filled adhesives are electrically 
and mechanically better than Cu- and LMP-filled adhesives. Nanoparticle-based 
adhesives exhibit sintering at lower temperatures than are required for sintering of 
microparticle-based adhesives, resulting in higher electrical conductivity. All adhe-
sives maintain high tensile strength even after 1,000 cycles of DTC testing. 
Conductive joints were stable after 3X IR reflow, 1,000 cycles of DTC, PCT, and 
solder shock. Adhesive-filled joining cores were laminated with circuitized sub-
composites to produce a composite structure. High temperature/pressure lamina-
tion was used to cure the adhesive in the composite and provide stable, reliable 
nanoparticle-filled microvia-based  z -interconnections among the circuitized 
subcomposites. 

 A high-performance  z -interconnect package can be provided, which meets or 
exceeds JEDEC level requirements if specific materials, design, and manufacturing 
process requirements are met. Proper lamination process settings, core metallurgy 
treatment, and selection of proper joining metallurgy result in an excellent package 
that can be used in single and multichip applications. By designing an organic pack-
age without electrical stubs and without through holes, high wiring density and 
excellent electrical performance can be achieved. Novel means of providing  vertical 
electrical interconnection in organic substrates can help semiconductor packaging 
keep pace with the needs of the semiconductor marketplace.      
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   Chapter 12   
 Materials and Technology for Conductive 
Microstructures       

     Jan   Felba (*ü )    and    Helmut   Schaefer       

  12.1 Conductive Nanosized Particles for Microelectronics  

 Packaging of today’s miniaturized electronics is based on conductive microstructures 
and contacts with dimensions in the range of tens of micrometers. Such lines, 
patterns, or arrays of dots are possible under the condition that both special tech-
nologies and materials are applied. Since the late eighties of the last century, digital 
injection technology has been widely explored by the electronic industry in devel-
oping new manufacturing processes. The technology is favored mainly due to the 
higher processing precision as compared with traditional processes. Ink-jet tech-
nology needs a special liquid, usually termed ink, which should satisfy at least the 
following three requirements: very low viscosity, can be treated as a  true solvent  
without component separation during high acceleration, and is able to make elec-
trically conductive structures. If a suspension is used as the fluid for printing, the 
 conductivity  condition requires applying electrically conductive particles, and the 
true solvent demands particles with dimensions as small as possible, not higher 
than tens of nanometers. Ink for printing conductive microstructures is typically 
based on noble metals of nanosized dimensions because of their chemical inertness 
in ambient atmosphere and good electrical conductivity – mainly Ag, although 
nano-Au is also in use. 

 There are many methods of producing nano-Ag particles. The methods can be 
briefly described as  metal dissipation in plasma process ,  chemical reaction process , 
 electrochemical process ,  thermal decomposition process ,  vapor condensation 
process , and others. The final product must be protected from agglomeration. 
Because of this, only methods that yield singular nanoparticles separated from others 
can be used for production of nanosized particles as filler for printed formulations. 

 Among methods mentioned earlier and described in the literature, only a few are 
worth taking into consideration, because they actually are applied in nanometals 
manufacturing/production. One of them is the gas evaporation process. This process 
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has some advantages, such as contamination-free, narrow size distribution and broad 
selectivity of metals. Au particle size distribution includes dimensions from ∼4.2 to 
∼7.0 nm with a maximum at 5 nm  [1] . Similar dimensions of particles are obtained 
for Ag, about 7 nm  [2] . The particles are stabilized and protected by the dispersing 
agent. They act almost like a liquid due to the stable dispersion at room temperature. 
As each nano particle is covered with the dispersing agent, even dispersions with 
a high metal content do not show any cohesion at room temperature. 

 One of the known ways of obtaining Ag powder with particles in the atomic size 
range is the release of metallic Ag from Ag salts of fatty acids during their thermal 
decomposition in an oxygen-free atmosphere. To obtain highly divided powders (to 
the size of several nanometers), it is necessary to moderate their coagulation during 
the production process, e.g., by a protective coating of fatty acid. This recognized 
fact has been applied in the technology of obtaining Ag salts of fatty acids covered 
with excess acid, which moderates the coagulation of the released silver during 
further thermal processing. During studies of thermal decomposition of silver salts/
fatty acids, it was found that depending on the manner of conducting the process 
the decomposition end product contained various volumes of fractions, which were 
insoluble in nonpolar solvents. Those materials might contain, for instance, 
particles of too large dimensions or not fully decomposed Ag salts of fatty acid. 

 Experiments conducted regarding the fabrication of nano-Ag and analysis of 
that process lead to conclusions regarding the determination of decomposition con-
ditions  [3] . Finally, reaction conditions have the main influence for end results of 
nano-Ag with average dimension of about 6 nm  [3 ,  4] . As a standard result, very 
homogeneous and pure products are obtained with constant reaction parameters. 

 Metal nanoparticles can be prepared by laser ablation from a metal target. Such 
technology was applied for nano-Ag production  [5] . The cleaned Ag target was 
placed on the bottom of a glass vessel filled with ethanol, deionized water, or 
acetone, which were used as the liquid environment. The liquid and its type play 
very important roles in the technological process. High-polar molecules provide a 
strong surrounding electrical double layer, which prevents growth, aggregation, and 
precipitation. As a result, changing the nature of the liquid environment is an easy 
and flexible way to control the size distribution and stability of Ag colloidal nano-
particles. Experiment with a pulsed Nd:YAG laser showed that Ag nanoparticles in 
acetone have a narrow size distribution with a mean size of 5 nm. In deionized 
water, a rather narrow size distribution with a mean size of 13 nm was observed. 

 Besides traditional methods of nanometal production, new methods have been 
developed in recent years. The first group is based on chemical reduction of Ag 
salts using various reducing agents, such as reduction with borohydrate in aqueous 
solution, reduction of Ag acetylacetonate with dimethylamine borane in the 
presence of a fluorinated surfactant in supercritical carbon dioxide, or reduction of 
Ag iodide with alkali metal in ammonia. Ag nanoparticles have also been produced 
using different electrochemical methods, microwave irradiation, and sonochemical 
synthesis. Some methods published recently are described as  new  (e.g., Ag polari-
zation in nonaqueous solution of sodium nitrate in ethanol was investigated by 
means of cyclic voltammetry and chronoamperometry  [6] ). Methods may differ 

Morris_Ch12.indd   240Morris_Ch12.indd   240 9/29/2008   8:08:08 PM9/29/2008   8:08:08 PM



12 Materials and Technology for Conductive Microstructures 241

regarding efficiency, costs, environmental protection, etc., but the aim of all of 
those methods is to receive pure nanometal, which can be used for injection 
technology. Some of the results are listed in Table  12.1 . It is worth noting that only 
dimensions of the particles obtained are commonly presented by producers. There 
is a lack of information about their shape or structure. Nevertheless, it is possible 
to detect these. By X-ray diffraction patterning, it was stated that in the case of Ag 
nanoparticles prepared by the controlled thermolysis of Ag carboxylate, the core 
metal has a face-centered-cubic (FCC) structure  [7] .      

  12.2 Nanomaterials for Printing Technologies  

 In the majority of work, the technology of nanofluid dispensing without direct 
contact between dispenser and substrate is termed “ink-jet printing.” Because of 
this, the fluids are usually described as inks, but in fact, they are homogeneous 
suspensions containing metallic nanoparticles with viscosity no higher than tens of 
mPa s. Some producers (e.g.,  [2] ) named their product also as nanopaste, even 
though its viscosity is relatively low. The name  nanoparticle paste  is legitimate 
when materials with metallic particles of nano dimension are used for screen 
printing. Such technology can also be applied for making fine pitch patterns with 
30-µm resolution  [7] . If a nanofluid was used for ink-jet printing, then only the term 
“ink” is used in this chapter, independently of the author’s original terminology. 

 As mentioned earlier, an ink with low viscosity containing nanometals ought to 
behave as a true solvent. And it should be stable at room temperature for weeks 
without any sedimentation. Besides the two basic components, nanometal and 
solvent, there are also many additives, which are usually not disclosed by manufac-
turers. Therefore, examples of ink specifications in Table  12.2  contain only basic 
information.     

 Table 12.1    Specifications of inks for printing  

 Metal 
 Production 
method 

 Average particle 
size (nm) 

 Particle size 
distribution (nm) 

 Carrier 
media  References 

 Ag  Laser ablation  5  3–10  Acetone   [5]  
 Ag  Laser ablation  13  6–27  Water   [5]  
 Ag  Laser ablation  22  10–50  Ethanol   [5]  
 Au  Gas evaporation  5  3–7   [1]  
 Ag  Electrochemical 

synthesis 
 20  Ethanol   [6]  

 Ag  Gas evaporation  7   [2]  
 Ag  Thermal decom-

position 
 6  4–10   [3 ,  4]  

 Ag  Thermolysis 
decomposition 

 8.8  6–22   [7]  

 Ag (86%)–Pd
alloy 

 6.5   [7]  
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 Symbol  NPS-J  NPS-J-HTB  NPFS  NPG-J 

 Metal  Ag  Ag  Ag  Au 
 Particle size (nm)  3–7  3–7  1÷10  3–7 
 Metal content 

(wt%) 
 57–62  53–58  30  46–52 

 Color  Dark blue  Dark red 
 Diluent  Tetradecane  Tetradecane  Toluene  AF a  

 Viscosity (mPa s)  5–10  8–13  1÷2  5–10 
 Specific gravity c  

(g/cm 3 ) 
 1.6–2.0  1.5–1.8  1.5–1.8 

 Surface tension 
 Sintering 

conditions 
 230°C; 60 min  350–500°C; 

30–50 min 
 300°C; 15 min  250°C; 60 min 

 Resistivity (Ω cm)  3 × 10 −6   3 × 10 −6   3.5 × 10 −5   7 × 10 −6  
 Reference   [1]    [2]  Harima   [8]    [1]  

 Symbol  AX NJP-6F  AG-IJ-G-100-S1  Metalon JS-011 

 Metal  Ag  Ag  Ag 
 Particle size (nm)  4–8  D 

50
  200; D 

95
  400 

 Metal content  40–60%  20 wt%  20 wt% 
 Color  Dark brown 
 Diluent  Water 
 Viscosity (mPa s)  4.4–15.5 b   14 
 Specific gravity c  

(g/cm 3 ) 
 1.3–1.6  1.24  1.4 

 Surface tension  28.5–32.5 mN 
m −1  

 31 dynes/cm 

 Sintering 
conditions 

 250°C; 60 min  100–350°C; 
1–30 min 

 100°C  Xenon lamp 300 
µs 

 Resistivity 
(Ω cm) 

 (1÷3) × 10 −5   4–32 × 10 −6   26 × 10 −6   9 × 10 −6  

 Reference/Prod.   [9]  Amepox   [10]  Cabot   [11]  NovaCentrix 

 Symbol  DGP-45-LT 
 DGP-45-HT/
DGP-45-HTG  DGH-55-LT 

 DGH-55-HT/
DGH-55-HTG 

 Metal  Ag  Ag  Ag  Ag 
 Particle size (nm)  5–11  5–11  5–11  5–11 
 Metal content 

(wt%) 
 45  45  >50  >50 

 Color  Dark brown  Dark brown  Dark brown  Dark brown 
 Diluent  Polar solvent  Polar solvent  Nonpolar hydrocarbon solvent 
 Viscosity 
 Specific gravity c  
 Surface tension 
 Sintering condi-

tions 
 150–300°C; 

30 min 
 150–300°C; 

30 min 
 150–300°C; 

30 min 
 150–300°C; 

30 min 
 Resistivity (Ω cm)  3.3–15 × 10 −6   3.3–15 × 10 −6   2.6 × 10 −2  to 2.3 

× 10 −6  
 2.6 × 10 −2  to 2.3 

× 10 −6  
 Reference   [12]  ANP   [12]  ANP   [12]  ANP   [12]  ANP 

 Symbol  DGH-(T)-50LT 25°C 

 Metal  Au 
 Particle size 

  Table 12.2    Specifications of inks for printing     

(continued)
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 Metal content  50 wt% 
 Color 
 Diluent 
 Viscosity  3 mPa s 
 Specific gravity c  
 Surface tension 
 Sintering condi-

tions 
 250°C; 60 min 

 Resistivity 
 Reference   [12]  ANP 

Table 12.2 (continued)

 For users, the further parameters of inks are important: viscosity, surface 
tension, resistivity of printed structures, and sintering conditions. The first two 
features determine the dimensions and droplet stability, which influence the pitch, 
while the last two set the electrical properties of printer structures. 

 Viscosity is a measure of the resistance of a fluid to deform under shear stress. 
It is commonly perceived as  thickness , or resistance to flow. Viscosity describes a 
fluid’s internal resistance to flow and may be thought of as a measure of fluid fric-
tion. The SI physical unit of dynamic viscosity is the Pascal second (Pa s). Viscosity 
 µ  tends to fall as temperature increases exponentially:

 m m( ) exp ,T bT= −( )0    (12.1)   

 where  T  is temperature and  µ  
0
  and  b  are coefficients. 

 Surface tension is an effect within the surface layer of a liquid that causes that 
layer to behave as an elastic sheet. Surface tension is caused by the attraction 
between the molecules of the liquid by various intermolecular forces. In the bulk of 
the liquid, each molecule is pulled equally in all directions by neighboring liquid 
molecules, resulting in a net force of zero. Surface tension is measured in Newtons 
per meter (N m −1 ). 

 By practice, it is required that ink viscosity should not be higher than tens of 
mPa s with its surface tension in the order of tens of mN m −1 . 

 The resistivity  r  of the printed structures, usually expressed in Ω cm, is calcu-
lated from the simple formula:

 r =
Rdh

l
,      (12.2)   

 where  R  is measured resistance, and  d ,  h , and  l  are the width, thickness, and length 
of measured lines, respectively. Resistance is usually measured with a four-point 

a Mixture of petroleum hydrocarbons 
b Brookfield LVDVII + CP; 100 rpm; 20°C 
c After sintering
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probe, and  d  and  l  by optical microscopy. Printed structures are very thin (in the 
order of less than 1 µm) and additionally may have not stable structures. Because 
of thi s, the accuracy of  h  value measurement can be the source of significant error 
when resistivity is estimated. Because of this, and the current levels that may be 
needed, there are no absolute resistivity requirements. Nevertheless one aspires to 
achieve values lower than 10 −4  Ω cm. 

 The low resistivity is obtained after thermal processing. It is desired to keep both 
the temperature and operation time as low as possible. Unfortunately, inks in use 
today usually need heating times of tens of minutes at temperatures higher than 
200°C (Table  12.1 ). There is a dependence of time vs. temperature for successful 
thermal processes. Nevertheless, it is impossible to reach acceptable resistivity 
below some temperature threshold, even with very long heating times (Fig.  12.1 ).  

 It is reported  [13]  that there are three key steps for the nano-Ag ink preparation. 
In the first step organic components such as dispersant, thinner, and binder are 
mixed with the nano-Ag particles along with a sufficient amount of organic solvent 
(such as alcohol or acetone) for complete dispersion of Ag particles. An important 
consideration during this step is the selection of organic components with low 
burnout temperatures to achieve low-temperature sintering. Dispersion of the nano-
Ag particles was obtained by both mechanical stirring and ultrasonic vibration. 
During the third step, the solvent was eventually evaporated out leaving a viscous 
nano-Ag paste behind. The viscosity of the formulation could be adjusted by vary-
ing the amounts of the organic components. 

 It is also possible to use particle-free conductive inks for ink-jet technology. 
A novel aqueous solution consists of Ag nitrate and additives, demonstrates 
excellent adherence to glass and polymers, and has an electrical resistivity only 
2.9 times that of bulk Ag after curing  [14] . Ag nitrate decomposes to Ag at tem-
peratures from 440 to 500°C. Ag neodecanoate dissolved in toluene starts to 
decompose at 175°C, and completes the decomposition process at 250°C. The Ag 
trace further has to be annealed at 580°C  [14] . The electrical resistivity of the 
final consolidated trace produced with this kind of ink is very close to that of bulk Ag, 

  Fig. 12.1    The resistivity of printed structures vs. temperature (150, 175, 200, and 235°C) and 
time (1, 5, and 9 h) of sintering. For these structures the resistivity of 3 × 10 −5  Ω cm was obtained 
after 250°C, 1 h  [4]        
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only 1.6–2.0 times higher. In addition, the traces exhibit excellent wear and 
fracture resistance. 

 Not only Ag, but also Au microstructures can be achieved by ink decomposition. 
The ink containing 31 wt% Au mercaptoproprionylglycine with viscosity of 7.5 
mPa s was used as the liquid for ink-jet printing, and after firing in air at a tempera-
ture close to 500°C, the Au pattern was obtained. The printed line width and thick-
ness were estimated as 190 and 1.4 µm, respectively. The lowest resistivity is about 
ten times higher than that of bulk pure Au  [15] . 

 A breakthrough in application of Ag nanoink for consumer electronics needs a 
new formulation with a much lower temperature thermal/chemical process, which 
is necessary to obtain relatively high conductivity. Such requirements are met by 
Ag carboxylate inks containing 30–50 wt% of Ag  [16] . The compounds can be 
obtained as solid powders after purification. This powder could be easily dissolved 
in typical solvents (e.g., polyvinyl pyrrolidine) or distilled water to form an ink. The 
decomposition temperature of the inks can be effectively controlled between 110 
and 170°C. Quite good electrical resistivity of 9.0 × 10 −5  Ω cm can be obtained at 
160°C after 30 min of curing (on a glass substrate). 

 Current inks do not offer an adhesive function. Such properties would be very 
desirable for microelectronic packaging, especially for flip-chip technologies. 
There has been work on material with both functions, adhesive and conductive  [17] . 
For the time being, the ink is saturated by micro-Ag particles of 4.2 µm average 
value at a filler content of 70 wt%. The acrylate-methacrylate-epoxy adhesive 
shows shear thinning behavior. Therefore, at shear rates below 1 s −1  the viscosity is 
higher than 1 Pa s. This supports the sedimentation stability. During the printing 
process, the shear rates are very high. The estimated shear rate is on the  order of 
10,000 s −1 . At a shear rate of 2,500 s −1  the formulation developed for ink-jet tech-
nology has a viscosity of 30 mPa s. As a result of printing, droplets of 130 µm can 
be produced (such as presented in Fig.  12.18  ahead). After curing, the resistivity of 
printed structures was measured as 6 × 10 −4  Ω cm. 

 One can also mention that it is possible to eject molten metal drops through the 
nozzle of a jet printing system. The driving mechanism is similar to that in micro 
ink-jet printing. In an experiment  [18] , a fusible alloy (Bi-Pb-Sn-Cd-In alloy) with 
a melting point of 47°C was used. Nevertheless as the diameters of hemispherical 
metal dots adhered on a base plate were about 400 µm, this technique cannot be 
included as a nanotechnology. 

 It is worth knowing that adding nano-Ag to a paste actually in use (containing 
3–5 µm Ag particles) improves its electrical and thermal conductivities signifi-
cantly. It is reported  [19]  that the hybrid paste containing both silver microparticles 
and nanoparticles with a size of 3–7 nm in diameter shows very low electrical resis-
tivity of 6 × 10 −6  Ω cm, after thermal processing below 200°C. It was also stated 
that the thermal conductivity of such paste increases about 2.5 times in comparison 
with a conventional silver paste.  
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  12.3 The Principle and Equipment for Ink-Jet Printing  

 Generally, making conductive microstructures and connections of complicated 
configurations at the microscale requires that dispensed dots have diameters in the 
range of less than 1 µm to not higher than 200 µm, depending on the application. 
The larger value equates to a point volume of less than 1 nl  [20] , while the small 
one is a few pl. A spherical drop with volume of 2 pl has diameter of 16 µm  [21] . 

 Microdispensing systems have been well known for many years and are used for 
applying liquids and adhesives. The printing method principle depends mainly on 
the viscosity of the printed medium. For relatively high to medium viscosity, appli-
cation systems can be generally divided into mechanical displacement (rotational 
screw, piston, peristaltic, etc.) and compressed-air displacement systems  [20] . Such 
equipment is mainly devoted to printing relatively large dots at dimensions of tens 
of micrometers. A peristaltic microdispensing system dedicated to adhesive print-
ing makes reproducible dots with diameters of 190 µm and heights of 30–40 µm on 
a substrate  [20] . An air pressure head for jetting of underfill materials can produce 
dots of SMD adhesive of ∼225 µm or about 3.5-nl volume  [22] . 

 For low-viscosity printed liquids, the ink-jet method is mainly in use. Parameters 
of liquid drops depend on the droplet generator (also called a microdispenser). 
There are a few basic methods of liquid doses dispensing by ink-jet printing tech-
nology. One of the simplest seems to be deposition by valve technology. Liquid 
from a pressurized reservoir is pressed into the dispenser head, which consists of a 
microvalve and a nozzle. By opening the valve, liquid flows through the nozzle and 
forms a well-defined jet. The integrated microvalve switches the jet on and off (Fig. 
 12.2a ). The special nozzle geometry forms a laminar jet, which is stable over a wide 
range before breaking off into droplets, and in such systems volumes down to 200 
nl can be dispensed  [23] . The maximum throughput is estimated as 2 ml/s provided 
that liquid viscosity is not higher than 50 mPa s.  

 The much more popular system uses a piezo actuator, which surrounds a glass 
capillary. The end of the capillary is formed to a nozzle with diameter in the range 
of a few dozen of micrometers. Applying a voltage pulse, the piezo actuator con-
tracts and creates a pressure wave, which propagates through the glass into the liq-
uid. In the nozzle region the pressure wave accelerates the liquid (Fig.  12.2b ) with 

  Fig. 12.2    The principle of material deposition by ( a ) valve technology and ( b ) piezo drive system 
 [23]  (courtesy of Microdrop Technologies GmbH)       
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up to 10 5  g  [24] . A small liquid column leaves the nozzle, breaks off, and forms a 
droplet, which flies freely through the air (Fig.  12.3 ). Depending on the nozzle 
sizes (30–100 µm), volumes of 25 up to 500 pl (corresponding to drop diameters 
of 35–100 µm) are generated with drop rates up to 2,000/s and maximum 
throughput of 1 µl/s. Such printing efficiency is possible under the condition that 
liquid viscosity is in the range of 1–100 mPa s  [23]  for unheated systems. When 
the reservoir of liquid and the printing head are heated, it is possible to print ink 
with initial higher viscosity as it tends to diminish with increasing temperature 
(see 12.1).  

 It was calculated by numerical analysis and experimentally observed that 
droplet formation depends strongly on the shape of the electrical pulse applied to 
the piezo actuator. It was stated  [25]  that there are two ways to obtain smaller 
ejected ink droplets: by lowering the operating voltage or by varying the dis-
charge time of ending the singular impulse, when the voltage is changing its value 
from maximum to zero. 

 Surface tension plays an important role in droplet formation. The smaller the 
volume, the higher the force that keeps small drops together. Liquid acceleration 
inside and outside of the droplet generator nozzle makes these phenomena much 
more complicated. Three-dimensional simulations of the droplet formation dur-
ing the injection printing process show that formation of the meniscus and its shape 
are the results of both pressure and the surface tension, which significantly influences 
the generation process  [26] . 

  Fig. 12.3    The steps of droplet forming in ink-jet technology with the use of a piezo actuator  [23]  
(courtesy of Microdrop Technologies GmbH)       
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 As an example, a commonly used droplet generator can be presented. It consists 
of a glass capillary tube with a single 60-µm circular orifice, surrounded by a radi-
ally polarized piezoelectric ceramic crystal, and may be cited as the system used for 
fine-line conductor manufacturing  [8] . Such a generator ejects droplets of diameter 
of 50–70 µm with velocity of 1–3 m s −1 . 

 The drop volume is affected by the dispenser performance and the properties of 
the liquid. The dispenser performance is controlled by the nozzle diameter and the 
driving parameters: voltage, pulse length, and – in case of a heated dispenser – also 
temperature. Increasing the voltage pulse on the piezo actuator causes an increase 
in drop speed that means an increase of the kinetic energy of the system leading to 
a larger drop volume. The dependence is almost linear and with changing voltage 
from 60–120 V, the drop speed increases more than 3.3 times  [24] . 

 There are two basic technologies of ink-jet printing, which have been used in the 
laboratory and industry: drop-on-demand (DOD) and continuous ink-jet (CIJ)  [27] . 
The principles of both technologies are presented in Figs.  12.4  and  12.5 . In a DOD 
system, one single drop is ejected through an orifice (nozzle of printing head) at a 
specific point in time. As a substrate moves opposite the drop’s source, the combi-
nation of the speed and direction of substrate movement, as well as the frequency 
of  shots  or breaks, makes obtaining the required printed pattern shape possible.   

 Continuous ink-jet systems produce a pressurized fluid stream that is broken into 
droplets using a piezoelectric element. By stimulating the piezoelectric element at 
high frequencies (in the range of 20 Hz to 80 kHz), capillary waves are generated 
within the fluid domain, and the fluid stream forms continuous and consistent droplets 
with uniform size and spacing. The main difference in comparison to former 
technologies is that droplets are selectively charged as they pass through an elec-
trode channel that is incorporated into a print head. These charged droplets can then 

  Fig. 12.4    Drop-on-demand (DOD) ink-jet printing: single droplets are ejected through an orifice 
at a specific point of time  [14]  (with permission)       
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be deflected by means of high-voltage deflector plates to form various patterns on 
a substrate. The lack of deflector activity plays the same role as switching-off the 
drop generator; uncharged droplets are captured by a gutter and recirculated 
through the system, and there is no action on a substrate. 

 M 3 D ®  (Maskless Mesoscale Material Deposition) technology represents another 
continuously working printing technique  [28] . The source material (fluid or suspen-
sion with a viscosity from ca. 1 to 1,000 mPa s) is atomized in a mist generator. The 
resulting aerosol stream is aerodynamically focused by an annular flow of sheath 
gas to as small as less than a tenth of the size of the nozzle orifice (typically 100 
µm), Fig.  12.6 . Together with a relatively large standoff distance (>5 mm) to the 
substrate this technology allows the deposition of fluids and nanomaterial formula-
tions on nonplanar substrates even for high aspect ratio structures. After deposition 
the material may undergo a post treatment, e.g., with a laser process to enhance its 
final properties, such as electrical or thermal conductivity, adhesion to the substrate, 
etc. The resulting layer thickness may vary from ca. 10 nm to several micrometers, 
the line width from ca. 5 to 150 µm.  

  Fig. 12.5    Continuous ink-jet printing (CIJ): the drop generator works continuously and a pattern 
on a substrate depends on the deflection system  [14]  (with permission)       

  Fig. 12.6    M 3 D printing principle  [28]        
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 For 3D ink-jet printing, the continuous system seems to be better  [14] . In the 
drop-on-demand technique, there is no external backpressure in the fluid since sur-
face tension is used to hold the fluid inside the orifice. Without external pressure, 
the DOD process has a limited throw distance (less than 10 mm), which limits its 
ability to control the trajectory of droplets. In the case of continuous ink-jet tech-
nology, the ink droplets travel a relatively long distance (100 mm) before being 
deposited onto the substrate. Additionally, through the use of electrostatic forces, 
CIJ systems are inherently designed to control the movement of droplets once they 
leave the printing head nozzle, which allows greater flexibility when printing in 3D 
space. 

 Besides the two basic technologies presented earlier, there are new systems 
developed, which allow arrangements of dots with a smaller size, higher repeatabil-
ity, and better quality of printing. There is a system that is able to print dots in the 
range of 1 µm  [29] . 

 The electrical field, without the deflection system (as in the CIJ system), may 
also be helpful for microline printing. When a liquid is supplied to a nozzle and the 
interface between air and the liquid is charged to a sufficiently high electrical 
potential (∼kV), the liquid meniscus takes the form of a stable cone, whose summit 
emits a microscopic jet. This is referred to as the cone-jet mode in electrospray. In 
the system, the diameter of the nozzle used (above 100 µm) can be larger than that 
in  standard  ink-jet printing. The use of a larger nozzle prevents its clogging and 
allows easier processing of a viscous suspension containing a high level of solid 
particles  [30] . Using an ink containing nano-Ag with the average diameter of 3–7 
nm, lines as fine as 32 µm in width and 0 . 3 µm in thickness were printed. The line 
resistivity was about 13 × 10 −6  Ω cm. 

 Active alignment control makes printing more precise. The system consists of 
nozzles, image sensors, and a target tracking system. Each nozzle is integrated with 
a microlens for an image sensor and a pair of electrodes to control ink jets accord-
ing to the output of the image processing. The performance of the target detecting 
system was accurate enough to obtain 5-µm precision alignment. The fabricated 
nozzles achieved the patterning of Ag nanoparticles, which can be used as conduc-
tive wires after sintering. The width of the pattern was less than 20 µm with errors 
less than 3 µm  [31] .  

  12.4  Physical Processes for Increasing the Conductivity 
of Printed Microstructures  

 Microstructures made with the use of inks containing nanoparticles of metals are 
electrically nonconductive just after printing, because during the production proc-
ess, all particles are safely dispersed without possibility of agglomeration. For this, 
each particle is protected by a special kind of layer, which is electrically insulating. 
The protection material occurs in the range of several percent of total metal mass 
(in the case of Ag particles with average diameter of 6 nm – not higher than 4%  [3] ). 
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As a result, this protective layer on single nano particles makes DC conduction 
impossible (at relatively low voltage). 

 To obtain good electrical conductivity, each type of initial product needs additional 
energy – mostly thermal by heating. The processes depend on the form of the initial 
products and may differ in their stages. As an example, in Fig.  12.7  the changes of 
the resistivity of printed lines made by ink with nano-Ag are presented with heating 
time  [32] . The dependence was measured after the short preheating process (at about 
110°C) during which solvent evaporated out of the ink formulation. In the first step 
of the heating, the thin protective layer is removed by evaporation. The protective 
layer should be very effective at low and medium temperature, but it has to be easily 
removed by temperatures close to the  full cure temperature .  

 Parallel investigation reveals the loss of the carbon presence from EDX 
spectra during the thermal process. It is estimated that the conductive layer’s 
carbon content falls from about 10% just after printing to less than 4% after the 
full thermal process. It seems to be clear that removing the protective layer 
makes printed structures as conductive as almost pure metal. Such a conclusion 
can be supported by the result of impedance measurement at different frequen-
cies. Figure  12.8  presents the absolute impedances of layers after different times 
of heating at 250°C. The straight lines after 50 min of heating indicate the 
removal of the protective layer.  

 SEM observation of the specimen surface reveals the nucleation of pure Ag par-
ticles in the form of spheroids of diameter about 0.1 µm  [4] . Probably this is due to 
the second step of the heating – the sintering of nanoparticles. The sintering or other 

  Fig. 12.7    The relative resistivity of printed structures vs. time of heating at 250°C (measured by 
impedance analyzer Agilent 4292A and analogue electrometer Keithley 610°C)  [33]        
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thermal phenomena are key to understanding the relationship between microstruc-
tural evolution, resistivity, and substrate adhesion. 

 In some works presenting the use of formulations containing nanosized particles 
for ink-jet technology, the process of achieving the high conductivity is based on 
the large depression of melting point below particle size of 5 nm (Fig.  12.9 )  [34] . 
By utilizing this phenomenon, the bulk metal structure has to be spontaneously 
obtained by heating at the temperature much lower than the bulk melting point.  

 Although conductive inks contain nanoparticles, the average diameters are usu-
ally much higher than 2.5–3 nm, and melting point depression cannot always be 
observed. 

 Figure  12.10  presents the microstructure of a Ag-containing formulation sin-
tered at 280°C (the temperature ramp 20 min, sintering 10 min, and dwell 10 min) 
 [35] . It can be seen that the structure changed into a dense network of Ag with 
micropores. EDX analysis shows that almost all the organic components have 
burned off after the thermal process  [13] . It is worth noting that the values of the 
density, specific heat, thermal diffusivity, and thermal conductivity of the sintered 
Ag change in comparison with the bulk silver. The data are listed in Table  12.3 . 

      The sintering of silver nanoparticles below 200°C is difficult. Thus, the most 
pertinent curing temperature range is from 220 to 250°C, as confirmed by resistiv-
ity measurement. The resistivity gradually decreases down to 1 × 10 −5  Ω cm with 
increasing curing time at 220 and 250°C, and maintains a constant value after 30 min 
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  Fig. 12.8    Impedance absolute value of printed layer at different times of heating process at 250°C 
in the air atmosphere  [33]        
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at higher temperature  [36] . The resistivity for lower temperatures is higher, and 
prolongation of curing time does not yield the effect (as it is shown in Fig.  12.1 ). 

 Similar changes of layer structure can be observed in the case of patterning by 
Cu-containing inks  [1] . The sintering temperature of nonoxidized Cu particles 
dynamically reduces with decrease of their size. Cu nanoparticles were sintered by 

  Fig. 12.9    Theoretical and experimental values of the melting point temperatures of Au particles 
vs. their size, in 10 −1  nm  [34]  (with permission)       

  Fig. 12.10    SEM images of the nanoscale Ag ( a ) before and ( b ) after sintering on silicon substrate 
at 280°C  [35]  (courtesy of Bai et al.)       

 Table 12.3    Relative changes of thermal properties of sintered nanoscale Ag paste  [35]   

 Density (g/cm 3 ) 
 Specific heat 
[J/(g K)] 

 Thermal diffusivity 
(cm 2 /s) 

 Thermal conductivity 
[W/(K m)] 

 Bulk Ag  10.5  0.235  1.74  429 
 Sintered Ag  8.6  0.233  1.19  240 
 Changes  −82%  −99%  −68%  −55% 
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reductive atmosphere at more than 250°C to reach resistivity of 5 × 10 −6  Ω cm at 
300°C (after 15 min). 

 The sintering process may be accelerated by applying a high-efficiency heat 
source (e.g., a laser beam), which only directly affects the printed structures. 
Numerical modeling predicts that surface temperatures can reach more than 250°C, 
with the temperature just several tens of micrometers below only slightly higher 
than room temperature  [37] . 

 Tests with the laser beam were carried out on printed lines made with an ink con-
sisting of 30 wt% Au particles (average diameter of the particles 2–5 nm), toluene, 
and a very small amount of surfactants to prevent agglomeration of nanoparticles 
 [38 – 41] . A single-mode argon ion laser was used for evaporating the solvent and 
melting the nanoparticles and/or sintering them to form continuous, electrically con-
ducting Au microlines on the substrate. The laser beam was focused at the printed line 
as close as possible to the point of droplet impact. As a result, in the middle region of 
the cured line the continuous film may degenerate to a fractal-like structure and 
finally to isolated and connected agglomerated Au particles in the order of hundred 
nanometers diameter size (Fig.  12.11 ) while the smooth layers near the edges of 
printed lines have good electrical conductivity.  

 It is also possible to achieve good electrical conduction at lower temperatures. 
Ag nanoparticles protected by dodecylamine, formed into paste, are successfully 
sintered at room temperature in air atmosphere. To remove the dodecylamine 
dispersant, Ag nanoparticles printed as lines on glass substrates were dipped in 
methanol for 10–7,200 s. Figure  12.12  shows the microstructural changes of Ag 
nanoparticles by the methanol dipping process. As shown in Fig.  12.12a , which is 
the initial state of the paste, Ag nanoparticles of average diameter of 7 nm are 
packed in a highly dense structure. After 3,600-s dipping, as shown in Fig.  12.12d , 
the Ag nanoparticles completely disappeared, and a high-density Ag structure was 

  Fig. 12.11    SEM images of Au line cured with use of 300 mW power laser beam and translation 
substrate velocity of 1 mm/s: ( a ) whole structure and ( b ) close up view  [39]  (with permission)       

Morris_Ch12.indd   254Morris_Ch12.indd   254 9/29/2008   8:08:11 PM9/29/2008   8:08:11 PM



12 Materials and Technology for Conductive Microstructures 255

achieved. As a result, the sintered wires possess excellent low resistivity, 7.3 × 10 −5  
Ω cm (after 7,200 s dipping)  [42] .   

  12.5  Conductive Microstructures and Contacts Using 
Nanosized Particles  

 Various types of printing macrostructures are expected to become  key technologies 
for advanced electronics packaging. The main benefit is connected with fine pitch 
lines and space and easy scale-up of products. The ink-jet technology may be easily 
used for 3D stacking. It needs only repeating printing circuit layers over insulating 
layers by changing ink tanks. Vertical connection can be drawn by stacking ink 
drops without any contact between leads and substrates (via-holes can be filled with 
conductive ink drops). 

 In ink-jet technology, every singular ejected drop for each  shot  of printing action 
makes dots of highly uniform structure (Fig.  12.13   left ). The series of printing shots 
makes the matrix of singular dots very regular. The shape of dots remains symmetric 
if the substrate moves only during the break between shots. Otherwise, if the 

  Fig. 12.12    The microstructural changes of Ag nanoparticle paste as observed by FE-SEM: 
( a ) initial state, ( b ), ( c ), and ( d ) after dipping in methanol for 180, 600, and 3,600 s, respectively 
 [42]  (with permission)       
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substrate is moving very quickly, the dot shape will be deformed, as seen in Fig. 
 12.13  ( right ).  

 The combination of shot frequency and substrate speed as well as number of 
passes may lead to forming printed lines with slightly deformed edges (Fig.  12.14  
 left ), or – what is usually desirable – to lines with stable width and thickness (Fig. 
 12.14   right ). The possibility of printing more complicated figures depends only on 
the control software of the  X - Y  table, which moves the substrates.  

 The quality of the microstructures printed on different substrate materials may 
differ fundamentally. Additionally, the finer the microstructure printing is the 
higher is the possibility of patterning errors such as bulge or bridge formation or 
fragmentation. Strong surface tension in the liquid is a powerful driving force to 
minimize surface energy by minimizing surface area, which results in these defects. 
There are two ways of eliminating such errors. The first one is a prepatterning of 
substrates by using surface treatment of hydrophobic and hydrophilic coatings. The 
other is a multi-pass patterning technique. In the former case, ejected droplets are 
self-aligned by strong surface energy on substrates, but such a solution makes direct 
patterning of the ink-jet process impossible. In the latter case, the objective image 
is formed in multiple passes by superimposing on each discrete dot’s image, and its 
patterning resolution is limited by droplet size  [43] . Such ways of avoiding defects 
in ink-jet technology make possible accurate and dimension-stable forms. 

 The ink-jet technologies using electrically conductive materials are believed to 
be suitable for the maskless production of various electronic devices. The  printable 
electronics  by ink-jet technologies makes big benefits such as the following:

  Fig. 12.13    One dot (0.23-mm diameter) of printed nano-Ag ink  [3 ,  4]        

  Fig. 12.14    Lines printed by nano-Ag ink  [3 ,  4]        
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  •  Direct printing of metal pattern on large substrates  
 •  Manufacturing of a small quantity but many kinds of devices  
 •  Real-time production by digital design  
 •  Small loss of coated materials    

 Such benefits of reliable printing technologies are more and more attractive to 
flexible electronic industries. But the essential question is if such patterning made 
by nanometal particles can be competitive to  traditional  technologies such as con-
ductive lithograph film Ag, thick-film Ag, thick-film Cu traces, and traditional 
etched Cu with regard to trace resolution, surface quality, microstructure, electrical 
conductivity, and – of course – to cost. The results of such comparison are pre-
sented in Table  12.4   [44] .     

 Since there is no standard specification for acceptance of ink traces, criteria 
based on IPC-601311  [45]  were set up to evaluate the trace resolution. An accepta-
ble resolution should satisfy the following two requirements:

   1.    Deviation of the trace width from the nominal resolution is less than 20%. For 
example, for a nominal resolution of 75 µm, the trace width must be within the 
range of 60–90 µm.  

   2.    Trace boundary is sharp and parallel, with no metal shifted out of the defined 
trace boundaries.     

 If either of the requirements is not satisfied, the printed circuit is deemed not 
acceptable. The acceptable resolution of examined samples is listed in Table  12.4 . 

 Table 12.4    Pattern’s features made by different technologies and materials  [44]   

 Technology  Nano metal Ag 
 Lithograph 
film Ag  Thick-film Ag  Thick-film Cu  Etched Cu 

 Material  5–10-nm Ag 
particles 
with sur-
factant, ink 

 1–2-µm Ag 
particles 
with 
epoxy, ink 

 1–5-µm Ag 
particles 
with epoxy 
resin 

 0.2–1-µm Cu 
particles 

 Cu clad 

 Substrate  Polyimide  Polyester  Polyester/
polyimide 

 Polyimide  Polyimide 

 Curing 
conditions 

 240°C, 1 h  125°C, 4 min  150°C, 3 
min/320°C, 
6 min 

 320°C, 6 min 

 Nominal 
resolution 
(line/space 
width) 

 50–250 µm  50–250 µm  100–400 µm  100–400 µm  50–250 µm 

 Acceptable 
resolution 
(line/space 
width) 

 ≥100  ≥200  ≥150  ≥150  ≥50 

 Resistivity  4.5–4.9 × 10 −5  
Ωcm 

 3.6 × 10 −2  
Ω cm 

 9.1 × 10 −5  
Ω cm/6.7 × 
10 −5  Ω cm 

 6.2 × 10 –5  
Ω cm 

 2.2 × 10 −5  
Ω cm 
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Those results as well as trace defects (according to  [45] ) and microstructures 
demonstrate that nano-Ag ink has shown technical advantages over the others. It has 
higher resolution, high conductivity, denser structure, and shining surface. Another 
advantage of nano-Ag over thick-film Cu is that it has higher resistance to humidity 
and corrosion. No cover layer is needed to protect it. 

 The industrial applications need special requirements with relation to Ag nano-
particle ink and technology  [46] . For stable ejection of such ink, it is needed that 
aggregation and sedimentation of particles must be inhibited at any conditions and 
that the used ink does not increase the viscosity at the meniscus, which is the sur-
face of liquid–air boundary near the nozzle of the print head. For high productivity 
of printable electronics, drop volume uniformity is important to using many nozzles 
or many heads. It is recognized that the drop velocity is proportional to drop vol-
ume, which determines the line width of printed pattern or the thickness of printed 
areas. The uniformity of drop volume on the level of ±1% and the drop placement 
accuracy of ±3 µm seem to be enough for industrial uses of ink-jet technologies. 

 Acceptable pitch resolution is in the range of a hundred micrometers. Such a 
value is reached by using conventional conductive pastes in screen printing technol-
ogy. Ag nanoparticle pastes can easily form the fine pitch pattern with line and 
space widths less than 50 µm by screen printing. Figure  12.15  ( left ) shows an exam-
ple of the fine line with line and space of 30 µm/30 µm formed on an alumina sheet 
after firing  [7] .  

 Finer patterns can only be achieved by ink-jet printing. Figure  12.15  ( right ) 
presents a set of wiring lines printed with nano-Ag ink on glass  [21] . The width of 
the lines is about 3 µm on a 10-µm grid in the lattice area. The conductive ink con-
tains Ag particles with an average size of 5 nm. 

 For such fine pitch patterns in electronic circuits, electromigration of Ag may be 
a problem negatively influencing long-term reliability. Migration-controllable film 
formation can be achieved by using Ag–Pd alloy as filler for the conductive formu-
lation, e.g., NAGNPD8515, Table  12.1 . In comparison with pure Ag, the sintering 
temperature is raised over 300°C by the alloy formation with Pd. After heating at 
this temperature for 30 min, the resistivity of printed lines on an alumina substrate 
is 12.1 × 10 −6  Ω cm. The resistivity decreases to 8.4 × 10 −6  Ω cm for 30 min sintering 

  Fig. 12.15    Fine pitch pattern formation; with line and space 30 µm/30 µm formed by screen 
printing  [7]  ( left ) and by ink-jet printing ( right ) (with permission)       
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at 500°C. Reliability of the pattern made with use of the Ag–Pd alloy nanoparticles 
increased compared with the Ag nanometal, as confirmed by the dipping test  [7] . 

 Ink-jet technology can be applied to FPCs (Flexible Printed Circuits) or multi-
layer circuit board production in general (e.g., direct circuit pattering based on the 
bit-map data transformed from CAD can be made  [1] ). For such production, many 
printing elements (nozzles) have to be used at the same time. In a printing machine 
 [47] , 2 lines of 180 nozzles each may produce multilayer circuit boards. During the 
first step of the production process, the metallic pattern is printed on the insulation 
layer, and then vertical wiring posts are formed, joining the layers of metal wiring. 
The second layer of insulation is made, avoiding the posts, and the second pattern 
layer is printed. By repeating the steps, it is possible to form multilayer circuit 
boards. Figure  12.16  presents the front view of a 20-metal-layer circuit board with 
a thickness of 200 µm. Metal wiring made with Au has a line width of 50 µm, thick-
ness of 4 µm, and minimal line pitch of 110 µm.  

 So-called superfine inject technology  [43]  may be applied for making 3D micro-
structures. It is possible because of a fast drying effect; by using fine droplets of 
size 1 µm printed on silicon, the life-time of the wetting area is estimated at only 
about 0.1 s. A pillar with high aspect ratio (Fig.  12.17 ) can be formed by simply 
ejecting superfine droplets at the same spot. The height of the printed structure is 
linearly proportional to the ejecting time.  

 The 3D printing process is not limited to creating singular pillars or bumps. By 
moving the ink-jet head it is possible to construct more complicated microstruc-
tures such as microplugs or microsocket arrays  [43] , meander inductors and parallel 
capacitors  [48] , or three-dimensional MEMS systems  [49] . 

 SnPb solder was printed for making solder bumps at 220°C in both the continu-
ous and drop-on-demand modes using a high-temperature ink-jet printing head. 

  Fig. 12.16    Fragmental front view of a prototype 20-metal-layer circuit board  [47]  (with 
permission)       
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As a result, an array of 24-µm diameter bumps was formed with the deposition 
speed of over 400 bumps/s  [50] . Microelectronic packaging is waiting for such 
technology to print small dots of adhesives. 

 Application of conductive adhesives via ink-jet makes specific demands on 
adhesive’s formulations. The Ag particles must not exceed the maximum size deter-
mined by the possibility of clogging the printing nozzle; the viscosity of the formu-
lation has to be less than 100 mPa s, and the adhesive should resist sedimentation 
for at least several hours at room temperature. Certainly, after printing and curing 
the microstructures must be electrically conductive. Tests with a specially prepared 
formulation, containing Ag particles with a diameter up to 5 µm, show that fulfill-
ing these requirements is possible  [17] , and some patterns and matrices of dots have 
been printed (Fig.  12.18 ).       

  Fig. 12.17    SEM image of a gold pillar with diameter of about 6 µm fabricated by superfine inject 
system on silicon substrate  [43]  (with permission)       

  Fig. 12.18    Ink-jet printed antenna and matrix of dots with use of adhesive  [17]        
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   Chapter 13   
  A Study of Nanoparticles in SnAg-Based 
Lead-Free Solders        

     Masazumi   Amagai       

  13.1 Introduction  

 Tin–lead (Sn-Pb) solder alloy has been widely used as an interconnection material 
in electronic packaging due to its low melting temperatures and good wetting 
behavior on several substrate platings such as Cu, Ag, Pd, and Au. Recently, 
because of environmental and health concerns, a variety of new lead-free solders 
have been developed. Lead-free solders lack the toxicity problems associated with 
lead-containing solders. However, unlike lead solders, the recently employed lead-
free solders do not have a long history and manufacturing process, and also board 
level reliability has not been established well. Especially, drop test performance is 
a serious concern for mobile products such as cellular phones, cameras, video, and 
so on. Sn–Ag–Cu alloys are leading candidates for lead-free solders. 

 However, Sn–Ag–Cu alloys are not enough to meet severe board reliability 
requirements. Two lead-free solders were introduced in 2003  [1] . One was Sn–Ag–
Ni–P. The other was Sn–Ag–Cu–P. Sn–Ag–Ni–P system has a balance of thermal 
cycling, bend, drop, and internal void test performance. On the other hand, Sn–Ag–
Cu–P system has a significant advantage for drop test performance. The combination 
of Cu and P significantly reduced intermetallic compound (IMC) thickness. 

 Recent mobile electronic products (e.g., cellular phones) require a thermal aging 
process followed by drop and bend tests. Thermal aging affects IMC and Kirkendall 
voids. Kirkendall voids under IMC reduce the strength of solder joint and degrade 
drop test performance significantly. It was found that Kirkendall voids in lead-free 
solder joints could be greatly reduced by adding Ni and In to Sn–Ag–Cu. Sn–Ag–
Cu–Ni–In, which was introduced in 2004  [2] , improves drop test performance over 
Sn–Ag–Cu–P. 

 Previous lead-free solders we introduced were four- or five-element-based lead-free 
solders. Effects of additional elements on the growth of IMC were not identified 
with so many elements in the solders. In this study, we focused on three elements 
to study the growth of IMCs. Co, Ni, Pt, Al, P, Cu, Zn, Ge, Ag, In, Sb, and Au 
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inclusions in Sn-3Ag-based lead-free solders were evaluated to study whether these 
nanoparticles increase IMC thickness and grain size after four solder reflows. Also, 
IMC element analyses were carried out to study if nanoparticles were dissolved in 
IMC after one solder reflow and four solder reflows. Then, Co, Ni, Pt, Al, P, Cu, 
Zn, Ge, Ag, In, Sb, or Au inclusions in Sn-3.0Ag-based lead-free solders were 
evaluated to study whether these nanoparticles can reduce the  frequency of occur-
rence of IMC fracture in high-impact pull tests. In addition to IMC analyses, the 
thickness of these nanoparticles on solder ball hardness was studied, since large 
solder displacement under drop impact improves drop test performance. Solder 
hardness is relative to solder ball displacement, so low solder hardness (soft solder) 
improves drop test performance. Therefore, the hardness test was performed to 
study if nanoparticles increase solder hardness after one solder reflow and two solder 
reflows + 100°C thermal aging (0, 100, 200 h). Finally, Co, Ni, Pt, Al, P, Cu, Zn, 
Ge, Ag, In, Sb, or Au inclusions in Sn-1.0Ag-based lead-free solders were evalu-
ated to study if these nanoparticles can improve drop test performance. Ni, Co, and 
Pt were very effective for drop test performance. Sn-1.0Ag was used to study drop 
test performance, since Sn-1.0Ag shows better drop test performance than Sn-
3.0Ag  [2] . 

 In this study, it was found that adding Co, Ni, or Pt, located to the left of Cu in 
the periodic table, to SnAg-based solder alloys did not increase IMC thickness and 
grain size significantly after the solder reflow process and thermal aging. Hence, 
these nanoparticles resulted in good drop test performance compared with Cu, Ag, 
Au, Zn, Al, In, P, Ge, Sb  [3] .  

  13.2  Nanoparticle Effects on Solder IMC Grain Size 
and Thickness  

 Co, Ni, Pt, Al, P, Cu, Zn, Ge, Ag, In, Sb, or Au inclusions in Sn-3Ag-based lead-
free solder balls were evaluated to study if these nanoparticles affect IMC thickness 
and grain size after four solder reflows. These solder ball samples were attached to 
OSP Cu solder pads through the reflow process (maximum temperature 245°C). 

 Figure  13.1  shows the sample preparation procedure to observe solder IMC 
grain size and thickness. Following the solder reflow process, solder balls were cut 
and polished with a sand paper. To expose IMCs, solder balls were chemically 
etched using Meltex HN-980M. The samples were then cleaned ultrasonically 
twice in water. IMC grain size and thickness were subsequently observed with 
scanning electronic microscopy (SEM).  

 Figure  13.2  shows IMC with Sn3.0Ag. (a) and (b) show a top view of IMCs 
and a cross section of IMCs after one solder reflow, respectively. (c) and (d) 
show a top view of IMCs and a cross section of IMCs after four solder reflows, 
respectively. (The same conditions will apply to a–d in subsequent figures.) Four 
solder reflows increased the grain size and thickness of IMCs compared with 
one solder reflow.  

Morris_Ch13.indd   266Morris_Ch13.indd   266 9/29/2008   8:08:18 PM9/29/2008   8:08:18 PM



13 A Study of Nanoparticles in SnAg-Based Lead-Free Solders 267

 Figure  13.3  shows IMC with Sn3.0Ag0.05Al. Four solder reflows increased the 
grain size and thickness of IMCs compared with one solder reflow. There is no 
significant difference between no aluminum and the inclusion of aluminum in 
Sn3.0Ag in the grain size and thickness of IMCs. Some voids were also observed 
for Sn3.0Ag0.05Al. This may be due to aluminum oxidation, since it is easy to 
oxidize aluminum. Based on the results, it was found that aluminum added 
to Sn3.0Ag could not reduce the grain size and thickness of IMCs compared with 
the no-aluminum case.  

 Figure  13.4  shows IMC with Sn3.0Ag0.03Ni. There is a significant difference 
between no nickel and nickel in Sn3.0Ag in increasing the grain size and thickness 
of IMCs. Ni (0.03 wt%) reduced the grain size and thickness of IMCs after four 
solder reflows, compared with the no-nickel case. Based on the results, it was found 
that the addition of nickel (in particular, 0.03 wt% Ni ) to Sn3.0Ag was very effec-
tive for reducing the grain size and thickness of IMCs.  

 Figure  13.5  shows IMC with Sn3.0Ag0.5Cu. There is no significant difference 
between Sn3.0Ag and Sn3.0Ag0.5Cu in increasing the grain size and thickness of 
IMCs from one reflow to four solder reflows. Hence, it was definite that copper 
added to Sn3.0Ag did not affect the grain size and thickness of IMCs very much.  

 Figure  13.6  shows IMC with Sn3.0Ag0.03Co. As can be seen in the pictures, 
nanocobalt particles added to Sn3.0Ag were very effective in reducing the grain size 
and thickness of IMCs compared with the no-cobalt case after four solder reflows.  

 Figure  13.7  shows IMC with Sn3.0Ag0.3In. There is no significant difference 
between no indium and the inclusion of nanoindium particles in Sn3.0Ag in 
increasing the grain size and thickness of IMCs from one solder reflow to four sol-
der reflows. Thus, it can be seen that nanoindium particles added to Sn3.0Ag did 
not affect the grain size and thickness of IMCs significantly.  

 Figure  13.8  shows IMC with Sn3.0Ag0.3Sb. There is no significant difference 
between no antimony and the inclusion of nanoantimony particles in Sn3.0Ag in 
increasing the grain size and thickness of IMCs from one solder reflow to four sol-
der reflows. Thus, it was found that nanoantimony particles added to Sn3.0Ag did 
not affect the grain size and thickness of IMCs considerably.  

  Fig. 13.1    Sample preparation procedure. ( a ) Top view of intermetallic compound (IMC) after one 
solder reflow, ( b ) cross section of IMC after one solder reflow, ( c ) top view of IMC after four 
solder reflows, ( d ) cross section of IMC after four solder reflows       
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  Fig. 13.2    IMC with Sn3.0Ag. ( a ) Top view of IMC after one solder reflow, ( b ) cross section of 
IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross section 
of IMC after four solder reflows       

  Fig. 13.3    IMC with Sn3.0Ag0.05Al.( a ) Top view of IMC after one solder reflow, ( b ) cross 
section of IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross 
section of IMC after four solder reflows       

Cross section of IMC after one solder reflow.

Cross section of IMC after four solder reflows

a b

c d

Top view of IMC after one solder reflow.

Top view of IMC after four solder reflows.

Top view of IMC after one solder reflow. a Cross section of IMC after one solder reflow. b

Cross section of IMC after four solder reflows.dTop view of IMC after four solder reflows. c
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  Fig. 13.4    IMC with Sn3.0Ag0.03Ni. ( a ) Top view of IMC after one solder reflow, ( b ) cross sec-
tion of IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross section 
of IMC after four solder reflows       

a Top view of IMC after one solder reflow. b Cross section of IMC after one solder reflow.

c Top view of IMC after four solder reflows. d Cross section of IMC after four solder reflows.

  Fig. 13.5    IMC with Sn3.0Ag0.5Cu. ( a ) Top view of IMC after one solder reflow, ( b ) cross sec-
tion of IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross section 
of IMC after four solder reflows       

a Top view of IMC after one solder reflow. 

c Top view of IMC after four solder reflows. 

b Cross section of IMC after one solder reflow. 

d Cross section of IMC after four solder reflows.
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  Fig. 13.6    IMC with Sn3.0Ag0.03Co. ( a ) Top view of IMC after one solder reflow, ( b ) cross sec-
tion of IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross section 
of IMC after four solder reflows       

  Fig. 13.7    IMC with Sn3.0Ag0.3In. ( a ) Top view of IMC after one solder reflow, ( b ) cross section 
of IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross section of 
IMC after four solder reflows       

a Top view of IMC after one solder reflow.

c Top view of IMC after four solder reflows.

b Cross section of IMC after one solder reflow. 

d Cross section of IMC after four solder reflows.

a Top view of IMC after one solder reflow.

c Top view of IMC after four solder reflows.

b Cross section of IMC after one solder reflow.

d Cross section of IMC after four solder reflows.
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  Fig. 13.8    IMC with Sn3.0Ag0.3Sb. ( a ) Top view of IMC after one solder reflow, ( b ) cross section 
of IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross section of 
IMC after four solder reflows       

 Figure  13.9  shows IMC with Sn3.0Ag0.1Zn. There is no significant difference 
between no zinc and the inclusion of zinc particles in Sn3.0Ag in increasing the 
grain size and thickness of IMCs from one solder reflow to four solder reflows. As 
with aluminum, some voids were also observed for Sn3.0Ag0.05Zn and 
Sn3.0Ag0.1Zn. This may be due to zinc oxidation, since it is easy to oxidize zinc. 
As can be seen in pictures, it was observed that nanozinc particles added to 
Sn3.0Ag did not affect the grain size and thickness of IMCs tremendously.  

 Figures  13.10  and  13.11  show IMC with Sn3.0Ag0.03P and Sn3.0Ag0.1Au, 
respectively. Gold and phosphorus could not prevent increasing the grain size and 
thickness of IMCs from one to four solder reflows. Thus, it is obvious that nanogold 
or phosphorus particle inclusions in Sn3.0Ag did not affect the grain size or thickness 
of IMCs significantly.  

 Figures  13.12  and  13.13  show the IMC with Sn3.0Ag0.05Pt and the IMC with 
Sn3.0Ag0.05Ge. As can be seen in the pictures, nanoplatinum particles added to 
Sn3.0Ag were very effective for reducing the grain size and thickness of IMCs 
compared with no-platinum case after four solder reflows. However, germanium 
could not prevent increasing the grain size and thickness of IMC from one to four 
solder reflows.  

 Table  13.1  summarizes the comparison of nanoparticles vs. no nanoparticles 
added to Sn3.0Ag for the grain size and thickness of IMCs, and also the change of 
the grain size and thickness of IMCs between one and four solder reflows. It is 

Top view of IMC after four solder reflows.

a

c

b

d

Top view of IMC after one solder reflow.

Cross section of IMC after four solder reflows.

Cross section of IMC after one solder reflow.
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  Fig. 13.9    IMC with Sn3.0Ag0.1Zn. ( a ) Top view of IMC after one solder reflow, ( b ) cross section 
of IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross section of 
IMC after four solder reflows       

Fig. 13.10 IMC with Sn3.0Ag0.03P. (a) Top view of IMC after one solder reflow, (b) cross section 
of IMC after one solder reflow, (c) top view of IMC after four solder reflows, (d) cross section of 
IMC after four solder reflows

a Top view of IMC after one solder reflow. 

c Top view of IMC after four solder reflows. 

b Cross section of IMC after one solder reflow.

d Cross section of IMC after four solder reflows.

a Top view of IMC after one solder reflow. 

c Top view of IMC after four solder reflows. 

b Cross section of IMC after one solder reflow. 

d Cross section of IMC after four solder reflows.
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  Fig. 13.11    IMC with Sn3.0Ag0.1Au. ( a ) Top view of IMC after one solder reflow, ( b ) cross 
section of IMC after one solder reflow, ( c ) top view of IMC after four solder reflows, ( d ) cross 
section of IMC after four solder reflows       

Fig.13.12 IMC with Sn3.0Ag0.05Pt. (a) Top view of IMC after one solder reflow, (b) cross sec-
tion of IMC after one solder reflow, (c) top view of IMC after four solder reflows, (d) cross sec-
tion of IMC after four solder reflows

a Top view of IMC after one solder reflow. 

c Top view of IMC after four solder reflows.

b Cross section of IMC after one solder reflow.

d Cross section of IMC after four solder reflows.

a Top view of IMC after one solder reflow. 

c Top view of IMC after four solder reflows. 

b Cross section of IMC after one solder reflow. 

d Cross section of IMC after four solder reflows.
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  Fig. 13.13    IMC with Sn3.0Ag0.05Ge. ( a ) IMC element analysis after one solder reflow, ( b ) IMC 
element analysis after four solder reflows       

  Table 13.1 Summary of IMC effects of nanoparticle additions to Sn3.0Ag  

 IMC comparison with Sn3.OAg 
after 4 time reflow processes 

 IMC change from 1 time to 4 
time reflow processes 

 Nanoparticle  Wt%  Grain size  Thickness  Grain size  Thickness 

 Ni  0.01  Small  Low  Not large  Not large 
 0.02  Small  Low  Small  Small 
 0.05  Small  Low  Small  Small 

 Cu  0.1  Same  Same  Large  Large 
 0.3  Same  Same  Large  Large 
 0.5  Same  Same  Large  Large 
 0.1  Same  Same  Large  Large 
 1  Same  Same  Large  Large 

 Co  0.01  Small  Low  Not large  Not large 
 0.03  Small  Low  Small  Small 

 In  0.1  Same  Same  Large  Large 
 0.2  Same  Same  Large  Large 
 0.3  Same  Same  Large  Large 

 Sb  0.1  Same  Same  Large  Large 
 0.3  Same  Same  Large  Large 
 0.5  Same  Same  Large  Large 

 Zn  0.05  Same  Same  Large  Large 
 0.1  Same  Same  Large  Large 

 P  0.03  Same  Same  Large  Large 
 Au  0.1  Same  Same  Large  Large 
 Ge  0.05  Same  Same  Large  Large 
 Pt  0.05  Small  Low  Small  Small 
 Al  0.05  Same  Same  Large  Large 

a Top view of IMC after one solder reflow. 

c Top view of IMC after four solder reflows. 

b Cross section of IMC after one solder reflow. 

d Cross section of IMC after four solder reflows.
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obvious that nickel, cobalt, and platinum play an important role for preventing the 
growth of IMC thickness and grain size.      

  13.3 Are the Nanoparticles Dissolved in the IMC?  

 IMC element analyses were performed to study if nanoparticles were dissolved in 
IMC after one solder reflow and four solder reflows. FE-SEM was utilized to 
observe elements in the IMCs. 

 Figure  13.14  shows IMC element analysis (wt%) for Sn3.0Ag0.03Ni. (a) and (b) 
show the element analysis after one solder reflow and four solder reflows, respec-
tively. As can be seen in the pictures, it is obvious that nickel was dissolved in 
Cu6Sn5 and subsequently formed (CuNi)6Sn5. The ratio of Ni:Cu:Sn for wt% was 
1.3–2.9:43–53:45–54 and 1.2–4.0:42–54:43–55 for one solder reflow and four sol-
der reflows, respectively. It seems that four solder reflows increased Ni wt% in the 
IMC compared with one solder reflow.  

 Figure  13.15  shows the IMC element analysis (wt%) for Sn3.0Ag0.03Co. (a) and 
(b) imply the same as mentioned previously. As with nickel, cobalt was dissolved in 
Cu6Sn5 and subsequently formed (CuCo)6Sn5. The ratio of Co, Cu vs. Sn for wt% 
was 1.7–3.2:43–58:49–54 and 0.5–2.3:42–48:50–55 for one solder reflow and four 
solder reflows, respectively. Co wt% is smaller than Ni wt% in the IMC.  

  Fig. 13.14    IMC element analysis (wt%) for Sn3.0Ag0.03Ni.( a ) IMC element analysis after one 
solder reflow, ( b ) IMC element analysis after four solder reflows       
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  Fig. 13.15    IMC element analysis (wt%) for Sn3.0Ag0.03Co. ( a ) IMC element analysis after one 
solder reflow, ( b ) IMC element analysis after four solder reflows       

 Figure  13.16  shows the IMC element analysis (wt%) for Sn3.0Ag0.05Pt. (a) and 
(b) imply the same as mentioned previously. As with nickel and cobalt, nanoplati-
num particles were observed in the IMC. The ratio of Pt:Cu:Sn for wt% was 2.4–
3.6:43–64:43–53 and 2.6–3.8:42–48:35–53 for one solder reflow and four solder 
reflows, respectively.  

 Figure  13.17  shows the IMC element analysis (wt%) for Sn3.0Ag0.5Sb. (a) and 
(b) imply the same as mentioned previously. Unlike nickel, cobalt, and platinum, 
nanoantimony particles were not observed in the IMC.  

 Based on the results of FE-SEM, Ni, Co, and Pt from the evaluated elements 
(Co, Ni, Pt, Al, P, Cu, Zn, Ge, Ag, In, Sb, Au) were dissolved into the IMC and then 
formed three-elements-based IMC.  

  13.4 Nanoparticle Effects on Solder Ball Hardness  

 Large solder displacement under drop impact improves drop test performance, 
since large solder displacement can reduce stress in IMCs. Solder hardness is rela-
tive to solder ball displacement, so low solder hardness (soft solder) improves drop 
test performance. Hardness testing was performed to study if nanoparticles increase 
solder hardness after one solder reflow, and two solder reflows followed by 100°C 
thermal aging (0, 100, 200 h). 
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  Fig. 13.16    IMC element analysis (wt%) for Sn3.0Ag0.05Pt. ( a ) IMC element analysis after one 
solder reflow, ( b ) IMC element analysis after four solder reflows       

  Fig. 13.17    IMC element analysis (wt%) for Sn3.0Ag0.5Sb       
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  Fig. 13.18    Solder hardness (Vickers) after nanocopper particles (0.01–0.07 wt%) were added to 
An1.0Ag       

  Fig.  13.19    Solder hardness (Vickers) after nanoparticles (In, P, Sb, Co, Pt, P, Ni, Zn) were added 
to Sn1.0Ag solders       

 Figure  13.18  shows solder hardness (Vickers) after nanocopper particles (0.01–
0.07 wt%) were added to Sn1.0Ag solders. Sn3.0Ag0.05Cu was used as a reference 
solder. Sn1.0Ag shows lower solder hardness than Sn3.0Ag. Since 0.01–0.07 wt% 
Cu added to Sn1.0Ag did not increase solder hardness compared with no Cu added 
to Sn1.0Ag, it is believed that 0.01–0.07 wt% Cu does not affect solder displace-
ment under drop impact. It can be seen that two solder reflows followed by 100°C 
thermal aging decease solder hardness compared with one solder reflow.  

 Figure  13.19  shows solder hardness (Vickers) after nanoparticles (In, P, Sb, Co, 
Pt, P, Ni, Zn) were added to Sn1.0Ag solders. Except for Sb and Zn, solder hardness 
was not affected by nanoparticles. Sb, P, Ni, and Pt show that solder hardness was 
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  Fig. 13.20    High-impact pull test       

  Fig. 13.21    Fracture mode       

increased after two solder reflows. It seems that solder hardness was increased after 
100°C thermal aging for 100 h. Most of the nanoparticles show that solder hardness 
increased after 200 h, 100°C thermal aging.   

  13.5 Fracture in IMCs in High-Impact Pull Test  

 Co, Ni, Pt, Al, P, Cu, Zn, Ge, Ag, In, Sb, or Au inclusions in Sn-3Ag-based lead-
free solders were evaluated to study if these nanoparticles can reduce the frequency 
of occurrence of IMC fracture in high-impact pull tests. 

 Figure  13.20  shows the apparatus for high-impact ball pull testing. A Dage 4000 
bond tester was used in this test.  

 A pull jaw holds a solder ball and subsequently lifts up at 50 mm/s speed. 
 Figure  13.21  shows fracture modes after high-impact pull testing. Mode 1 is 

solder pad fracture. Mode 2 is fracture in solder. Mode 3 is no fracture, with pull 
jaw slip due to solder deformation. Mode 4 is fracture in the IMCs, which shows a 
failure (not good — NG) in this test.  

 Figure  13.22  shows high-impact pull strength and fracture mode before and after 
100°C thermal aging (100 h) for Cu (0–1.0 wt%), Co (0.01–0.03 wt%), or Ni 
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  Fig. 13.22    High-impact pull strength and fracture mode before and after 100°C thermal aging 
(100 h) for Cu (0–1.0 Cu wt%), Co (0.01–0.03 wt%), or Ni (0.01–0.05 wt%) added to Sn1.0Ag       

(0.01–0.05 wt%) added to Sn1.0Ag. One should pay attention to the fracture mode 
rather than fracture strength. As can be seen in the graph, nickel and cobalt show 
lower frequencies of occurrence of fracture in the IMCs than copper.  

 Figure  13.23  shows high-impact pull strength and fracture mode before and after 
100°C thermal aging (100 h) for Sb (0.1–0.5 wt%), In (0.1–0.3 wt%), Bi (0.1–0.3 
wt%), Ge (0.03 wt%), Al (0.005 wt%), Pt (0.05 wt%), or Zn (0.05–0.1 wt%) added 
to Sn1.0Ag. Platinum also reveals a lower frequency of occurrence of fracture in 
the IMCs than copper  

 Based on the result of fracture mode, it is obvious that nickel, cobalt, and platinum 
decrease fractures in IMCs compared with other nanoparticles.  

  13.6 Nanoparticle Effects on Drop Test Performance  

 Co, Ni, Pt, Cu, Zn, or Sb inclusions in Sn-1.0Ag-based lead-free solders were 
evaluated to study if these nanoparticles can improve drop test performance. 

 Figure  13.24  shows the drop test apparatus (Yoshida-seiki HDST-230). The 
package was a 12 mm× 12 mm BGA, a 30 mm × 120 mm × 0.8 mm PCB with a 
Cu + OSP (NSMD type) pad finish, and a solder paste (Senju M705-GRN360-K2V). 
The samples were left for 5 days before drop test was carried out. The daisy chain 
resistance was monitored. When the resistance exceeds 1.5 times the initial one, it 
was counted as a failure.  
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  Fig. 13.23    High-impact pull strength and fracture mode before and after 100°C thermal aging 
(100 h) for Sb (0.1–0.5 wt%), In (0.1–0.3 wt%), Bi (0.1–0.3wt%), Ge (0.03 wt%), Al (0.005 wt%), 
Pt (0.05 wt%), or Zn (0.05–0.1 wt%) added to Sn1.0Ag       

  Fig.13.24    Drop test apparatus       
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 Figure  13.25  shows the drop test table feature. The PCB was screwed down with 
a 15 cN m torque and the package was faced downward.  

 Figure  13.26  shows the drop test acceleration (1,500 G in this test).  
 Figure  13.27  shows a Weibull plot of drop test failure for 0.02Ni, 0.04Ni, 

0.02Co, 0.5Sb, 0.1Zn, or 0.05Pt inclusions in Sn1.0Ag0.01Cu and a reference solder 
(Sn1.0Ag0.01Cu, SAC101) before 100°C thermal aging (100 h). As can be seen in 
the graph, Ni, Co, and Pt were very effective for drop test performance. In particular, 
0.02Ni, 0.05Pt, and 0.02Co show better drop test performances than 0.04Ni, 0.5Sb, 
and 0.1Zn.  

 Figure  13.28  shows a Weibull plot of drop test failures for 0.02Ni, 0.04Ni, 
0.02Co, 0.5Sb, 0.1Zn, or 0.05Pt inclusions in Sn1.0Ag0.01Cu and a reference 
solder (Sn1.0Ag0.01Cu, SAC101) after 100°C thermal aging (100 h). As with no 
thermal aging, Ni, Co, and Pt were also very effective for drop test performance. 
In particle, 0.02Ni, 0.05Pt, and 0.02Co show better drop test performance than 
0.04Ni, 0.5Sb, and 0.1Zn.  

 A transition metal such as Co, Ni, Pt located to the left of Cu in the periodic 
table (Table  13.2 ) did not increase IMC thickness and grain size significantly after 

  Fig. 13.26    Drop acceleration       

  Fig. 13.25    Drop test table feature       
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  Fig. 13.27    A Weibull plot of drop test failures before 100°C thermal aging       

  Fig. 13.28    A Weibull plot of drop test failures after 100°C thermal aging (100 h)       

  Table 13.2 A periodic table and evaluated nanoparticles   
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the solder reflow process and thermal aging when added to SnAg-based solder 
alloys. Hence, SnAgX solders show better drop test performance. (X means a 
transition metal such as Co, Ni, Pt.) On the other hand, a transition metal such as 
Cu, Ag, Au, Zn, a typical metal such as Al, In, or a metalloid such as P, Ge, Sb, 
located to the right of Cu in the periodic table, when added to SnAg-based solder 
alloys show increased IMC thickness and grain size after the solder reflow. Hence, 
SnAgY solders show poor drop test performance. (Y means Cu, Ag, Au, Zn, Al, 
In, P, Ge, Sb.)         

  13.7 Conclusion  

 Co, Ni, Pt, Al, P, Cu, Zn, Ge, Ag, In, Sb, or Au inclusions in Sn-3Ag-based lead-
free solders were evaluated to study if these nanoparticles increase IMC thickness 
and grain size after four times solder reflow. Co, Ni, or Pt inclusions in Sn-3Ag-
based lead-free solders did not increase IMC thickness and grain size significantly 
after four solder reflows. Al, P, Cu, Zn, Ge, Ag, In, Sb, or Au inclusions in Sn-
3Ag-based lead-free solders increased IMC thickness and grain size after four 
solder reflows. IMC element analyses were carried out to study if nanoparticles 
were dissolved in the IMC after one solder reflow and four solder reflows. Co, Ni, 
and Pt were dissolved in IMC, which did not increase IMC grain size and thick-
ness  significantly after four solder reflows. Al, P, Ge, In, and Sb were not observed 
in the IMC, which increased IMC grain size and thickness after four solder 
reflows. Large solder displacement under drop impact improves drop test perform-
ance. Since solder hardness is related to solder ball displacement, low solder hard-
ness (soft solder) improves drop test performance. Hence, hardness tests were 
performed to study if nanoparticles increase solder hardness after one solder 
reflow, and two solder reflows + 100°C thermal aging (0, 100, 200 h). Sn1.0Ag 
shows lower solder hardness than Sn3.0Ag. Cu, In, Ni, Co, and Pt did not increase 
solder hardness. Co, Ni, Pt, Al, P, Cu, Zn, Ge, Ag, In, Sb, or Au inclusions in Sn-
3.0Ag-based lead-free solders were evaluated to study if these nanoparticles can 
reduce the frequency of occurrence of IMC fracture in high-impact pull tests. Co, 
Pt, or Ni inclusions in Sn3.0Ag-based lead-free solders show a low frequency of 
occurrence of IMC fracture compared with Cu, Sb, In, Bi, Ge, Al, and Zn in high-
impact pull test. Co, Ni, Pt, Al, P, Cu, Zn, Ge, Ag, In, Sb, or Au inclusions in Sn-
1.0Ag-based lead-free solders were evaluated to study if these nanoparticles can 
improve drop test performance. Ni, Co, and Pt were very effective for drop test 
performance. 

 The addition of transition metals such as Co, Ni, Pt (located to the left of Cu in 
the periodic table) to SnAg-based solder alloys did not increase IMC thickness and 
grain size significantly after the solder reflow process and thermal aging. Hence, 
these nanoparticles lead to better drop test performance than Cu, Ag, Au, Zn, Al, 
In, P, Ge, Sb.      
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   Chapter 14   
  Nano-Underfills for Fine-Pitch Electronics        

     Pradeep   Lall(*ü ),       Saiful   Islam,       Guoyun   Tian,       Jeff   Suhling,    and    Darshan   Shinde       

  14.1 Introduction  

 Packaging materials undergo dimensional changes under environmental exposure to 
temperature change. Thermomechanical cyclic loads induce stresses and damage 
interconnects. Underfills compensate for the mismatch in coefficient of thermal expan-
sion (CTE) between silicon and the printed circuit board (PCB), and have been used 
as a supplemental restraint mechanism to enhance the reliability for flip-chip devices 
and chip-scale packages in a wide variety of applications including portable consumer 
electronics such as cellular phones, laptops, under-the-hood electronics, microwave 
applications, system in package (SIP), high-end workstations, and several other 
high-performance applications. Figure  14.1  shows an underfilled flip-chip assembly, 
with solder interconnects between the silicon chip and the PCB. It surrounds the solder 
balls. Underfill technology has evolved to meet the demand of decreasing feature size 
and increasing input/output (I/O) number in the integrated circuit (IC) chip.  

  14.2 Potential of Nano-Underfills  

 Capillary-flow underfills rely on the flow of the underfill into the gap between the 
bonded die and substrate. This process may be slow and often requires a batch cure 
after dispense. No-flow underfills are an attractive alternative to the use of 
capillary-flow underfills, and eliminate the need for postreflow batch cure opera-
tion and reduce production cycle time. Instead, no-flow underfills are cured during 
the reflow process. In addition, no-flow underfills typically contain a fluxing component, 
eliminating the need for flux dispensing and cleaning. No-flow underfill adhesives 
are mostly unfilled or filled with very low filler loading due to interference of fillers 
with solder joint yield. 
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 Epoxy is a common ingredient used in the underfill material, because of its desira-
ble characteristics such as corrosion resistance and good adhesion, in addition to physi-
cal and electrical properties. However, epoxies by themselves possess a high CTE 
(above 80 ppm/°C), making them unable to meet the very first requirement of a good 
underfill material. For this reason, the epoxies are filled with filler particles that 
decrease the CTE of the adhesive. Common filler particles include silica and ceramics. 
Commercially available epoxies contain micron-sized filler particles. The no-flow 
underfills are largely unfilled or have very low filler loading because micron-sized 
filler particles interfere with the solder interconnection process  [1 ,  2] . Low filler load-
ing in no-flow underfills causes the CTE to be higher than capillary-flow underfills. 

 Nanosilica particles do not settle in an underfill formulation and do not interfere 
with the solder interconnection process, unlike micron-sized particles. Nanosilica 
imparts the same modulus enhancement and CTE reduction to adhesives as micro-
sized silica particles. In addition, nanosilica particles can achieve much higher 
filler-particle loading than micron-sized particles without affecting the solder joint 
resistance, thus providing greater control over underfill properties. Underfill formu-
lation including volume fraction, size, distribution, and material properties of the 
filler particles influences the elastic modulus, CTE, and mechanical deformation 
behavior and determine the thermomechanical reliability of flip-chip devices.  

  14.3 Nanoparticle Production  

 Production techniques are mainly classified into four categories including conden-
sation from a vapor  [3] , chemical synthesis  [4] , solid state processes  [5] , and super-
critical fluids (SCFs)  [5] . Each of the processes is briefly described later. 

  14.3.1 Vapor Condensation 

 This method is used to make metallic and metal oxide ceramic nanoparticles. 
A solid metal is evaporated followed by rapid condensation to form nanosized 
clusters that settle in the form of a powder. Metal can be vaporized using various 

  Fig. 14.1    Underfill between silicon and printed circuit board (PCB)       
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approaches including the exploding wire technique, vacuum evaporation on run-
ning liquids, and chemical vapor deposition (CVD). 

 In the exploding wire technique, an electrical arc is created at the surface of a 
metal wire with sufficient energy to explode or vaporize clusters of atoms. These 
clusters condense within an inert gas into nanoscale particles  [6] . The method vac-
uum evaporation on running liquids uses a thin film of a relatively viscous material, 
an oil, or a polymer on a rotating drum. A vacuum is maintained in the apparatus 
and the desired metal is evaporated or sputtered into vacuum  [7] . The CVD tech-
nique uses both liquid and gas forms of a substance, which are put into a reactor. 
Depending on several parameters like gas–liquid ratio, the order of gas, liquid addi-
tion, and heat application duration, different particle shapes and different sizes can 
be created  [8] . 

 Variation of the medium into which the vapor is released affects the nature and 
size of the particles. For example, inert gases are used to avoid oxidation when cre-
ating metal nanoparticles and reactive oxygen is used to produce metallic oxide 
ceramic nanoparticles. The main advantage of this method is low contamination. 
Particle size is controlled by variation of parameters such as temperature, gas envi-
ronment, and evaporation rate.  

  14.3.2 Chemical Synthesis 

 The most widely used chemical synthesis technique consists of growing nanoparti-
cles in a liquid medium composed of various reactants. Chemical techniques are 
better than vapor condensation techniques for controlling the final shape of the 
particles. The final size of the particles is controlled by stopping the process when 
the desired size is reached or by choosing chemicals that form particles that are 
stable and stop growing at a certain size  [4] .  

  14.3.3 Solid State Processes 

 Grinding and milling can be used to create nanoparticles  [9] . The milling material, 
milling time, and atmospheric medium affect resultant nanoparticle properties. 
Bead mills are used to grind coarse particles into the nanometer range. Bead mills 
grind suspended solid particles by impact and shearing forces between moving 
grinding beads. Very fine particle size grinding media beads, in the range of 70–
125 µm, are used. This process has a limitation; industrial equipment that can use 
these small beads on a continuous basis is not well known or well accepted due to 
the difficulty in handling the small beads, i.e., removing them for the suspension 
after dispersing the particles, or loading and discharging the small beads into the 
machine.  
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  14.3.4 Supercritical Fluids 

 SCFs are used as a medium for metal nanoparticle growth  [10] . SCF precipitation 
processes can produce a narrow particle size distribution. A gas becomes a SCF 
above a critical point, at a certain temperature (critical temperature,  T  

c
 ) and pressure 

(critical pressure,  P  
c
 ). CO 

2
  is used because of its relatively mild supercritical condi-

tions ( T  
c
  = 31°C,  P  

c
  = 73 Bar). CO 

2
  is also inexpensive, nontoxic, noncorrosive, 

nonexplosive, and nonflammable.   

  14.4 Surface Modification of Underfills  

 To improve the rheological behavior of the nanosilica composite no-flow underfill, 
filler surfaces are treated using silane coupling agents  [11] . The nanosize silica 
particles may have a high surface area covered by silanol groups. This hydrophilic 
surface does not process good compatibility with the polymer resin, and therefore 
the silica cannot be wetted very well by the resin. On the contrary, the silica particles 
with hydrophilic surface easily adhere to each other through hydrogen bonding and 
form irregular agglomerations. The agglomerations of the nanosilica can form a 
network through the whole polymer matrix and occlude liquid polymer in their 
interparticle voids, thereby affecting the rheology of the composite underfill and 
giving a significant rise to the viscosity as filler loading increases. The high viscosity 
of the no-flow underfill not only makes underfill dispensing difficult, but prevents 
the chip from collapsing and forming solder joints during the solder reflow process 
as well. The presence of filler agglomerations will decrease the maximum filler 
loading, resulting in an inferior thermal mechanical performance. 

 To decrease the viscosity of underfill and to increase the extent of filler loading, 
it is therefore necessary to reduce the degree of agglomeration. For nanosize filler, the 
mechanical mixing and dispersion methods such as high-speed shearing or milling 
are not effective to break down the agglomerations because the electrostatic forces 
holding the particles together are stronger than the shear force created by the velocity 
gradient. In such circumstances, chemical treatment of nanoparticle surface is necessary 
to achieve better compatibility and dispersion of the filler in epoxy resin. 

 Silane coupling agents are often used to treat the silica filler because of their 
unique bifunctional structure with one end capable of reacting with the silanol 
groups on silica surface and the other end compatible with the polymer. The modi-
fication process is described as a hydrolysis and condensation reaction between the 
silane coupling agents and the silica surface in a polar medium. The bonding 
between the silane and the silica surface removes the surface silanol groups and 
changes the hydrophilic surface into a hydrophobic surface. The ideal result of sur-
face treatment is to reduce the filler–filler interaction and to achieve the homoge-
nous distribution of the nanosize silica in the polymer. Figure  14.2a  shows the 
nanosilica without silane treatment that formed large agglomerations, and Fig.  14.2b  
shows the nanosilica after silane treatment.   
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  14.5 Computational Techniques for Property Design  

 Property prediction techniques for formulation of the underfills with desirable 
thermomechanical characteristics can significantly impact reliability of fine-pitch 
assemblies. In this section, reliability of nanosilica underfills and methodologies 
for property prediction have been discussed. In this section, models have been 
presented for prediction of underfill properties  [13 ,  14] . The models are based on 
constituent component properties and enable the prediction of effective equivalent 
properties of statistically isotropic composites formed by random distribution of 
spherical filler particles. Drugan  [15 ,  16]  showed that the representative volume 
element (RVE) is an effective technique for prediction of elastic composites. 
Segurado and Llorca  [17]  also demonstrated the RVE with modified random 
sequential adsorption algorithm (RSA) as a reliable approach to estimate the 
equivalent properties. Lall et al.  [13 ,  14]  used an algorithm similar to the RSA to 
generate statistically isotropic cubic unit cells of underfill containing up to 38% 
nanofillers. Developed unit cells have been analyzed, and the elastic modulus and 
CTE of the underfill have been computed by using RVE implementation in 
implicit finite elements. 

  14.5.1 Unit Cell Generation 

 The modulus of elasticity and the CTE of nano-underfills can be predicted by the 
implicit finite element models of three-dimensional cubic unit cells. The unit cell is 
generated by randomly distributing spherical fillers in an epoxy matrix. The  volume 
of the cube is  L  3 ,  N  is the total number of particles, and  r  is the radius of the  spherical 
particle. Volume fraction ( g ) of the filler is determined as the ratio of total volume 
of the sphere to the volume of the cube.

  Fig. 14.2    SEM photographs of nanosilica composite materials  [12]        

Treatedba Untreated
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 g

p

=
4

3

3

N r

L

⎛
⎝⎜

⎞
⎠⎟

.    (14.1)     

 Volume fraction of the cube is controlled by varying the total sphere number  N  as 
required by the value of  L . The radius  r  of the sphere is kept the same for the analysis 
of all volume fractions. The fillers should be distributed in such a way that the unit 
cell should be isotropic, i.e., equivalent in all directions and it should be quite suita-
ble for generating good finite element mesh. An algorithm based on modified RSA 
can be used to generate the random center coordinates of the nanosilica particles in 
the underfill  [17] . According to this algorithm all the accepted random coordinates 
of the particles (for  g  = 0–0.25) pass the following conditions: (a) If the particle sur-
face touches the surface of the cube, or if they are very close, it may not be possible 
to mesh or the generated finite element mesh will be distorted or sometime meshing 
may not be possible at all. To avoid these, the particles are kept inside of the cube at 
some minimum distance  d  

2
  from the surface of the cube.

 d r r2 0 1= + . .    (14.2)     

 To fulfill the above condition, center coordinates of the  i th particle must pass the 
following check.

 
x d j

x L d j

j
i

j
i

≥

≥
2

2

1 2 3

1 2 3

; , , .

; , , .

=

− =
   

(14.3)
     

 (b) If two adjacent particles overlap each other, they will violate the rigid sphere 
condition. In addition, two adjacent particles cannot touch each other. To fulfill this 
condition, center coordinates of the  i th particle must pass the following check.

 d r1 2 07= . .    (14.4)    

 
v v
x x d k ii k−( ) ≥ = −1 1 1; ,.....,( ).   (14.5)     

 The modified RSA method has been used to achieve volume fraction higher than 
 g  = 0.25. In unit cells with volume fraction,  g , such that 0 < γ < 0.25, all the particle 
centers are kept inside the cube, and no particle overlaps the outer surfaces of the 
cube. For unit cell volume fractions more than 0.25, the particles are allowed to 
overlap the surface boundary of the cube. If any particle overlaps the surface, the 
portion of the particle outside the cube is carefully cut into several sections and 
copied at a suitable position on the opposite surface of the cube. First, a cubic cell 
with volume fraction less than 0.25 is generated by fulfilling the earlier two condi-
tions and then the cell is compressed to a smaller size while keeping the size of the 
spherical particle the same. The size of the sphere and total number of the sphere 
does not change during the operation, but the cell is compressed, giving a higher 
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volume fraction of filler content. Length of the cubic cell is compressed first, by 
multiplying it by a user-defined shrinking factor  c  

f
  (<1). The new length of the cube 

is given by

      L c Ln = f .   (14.6) 

 The old position of the center of  i th particle is given by 
r
xi , then the new position 

of the particle 
r
xn

i  will be given by

 r r
x x cn

i i= f .      (14.7)   

 Once the particles have moved, they will be allowed to overlap the surface of the cube 
but no particle center will be outside of the cube. If the new coordinates of the  i th par-
ticle 

r
xn

i      fall outside the cube then it is moved back into the cube at a random position 
between the surface and at an inward distance ( r  −  a ), where  a  is a user-defined con-
stant and  a  > 0.1 r . If the particle center sits at a distance r from the surface of the cube 
then the particle surface will touch the cube surface and meshing will not be possible. 
If the new coordinates of the  i th particle 

r
xn

i  fall inside the cube and at a distance  r  from 
the surface then it will be moved to a random position between the surface and at an 
inward distance ( r  −  a ), where  a  is a user-defined constant and  α  > 0.1 r . If the particle 
overlaps any other previously accepted position then it will be moved to a new random 
position in a random direction. The new position will be given by

 
r r
x xn

i
n
i= ± b,    (14.8)   

 where  b  is a small random number. Smaller  b  ensures faster convergence. The new posi-
tion of the particle will be accepted only if all the earlier conditions are fulfilled. Since 
the algorithm involves random movement and random positioning, each of the iterations 
may not produce an acceptable distribution. The algorithm also counts the number of 
iterations and stops the program if the number of iterations exceeds a certain number.  

  14.5.2 Isotropy of the Unit Cell 

 Once a valid distribution of the filler particles has been created, the algorithm also 
calculates the centroid and moment of inertia of the distributed particles. These 
quantities are calculated to check the isotropy of the distribution. Distributions with 
centroids at positions in the neighborhood of 0.5 L  are accepted. An isotropic distri-
bution will have identical moment of inertia for the nanoparticles about three 
orthogonal axes. Figure  14.3  shows a plot of the coordinates of the centroids of the 
accepted distribution for different volume fractions. Table  14.1  shows the values 
of moment of inertia for the accepted distributions for several volume fractions. 
In almost all cases, moments of inertia about all three axes have very close values. 
This indicates that the generated unit cell is isotropic in all directions.    
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  14.5.3 Randomness of Filler Distribution 

 The radial distribution function describes on an average the presence of the filler 
particles around an arbitrary particle. To calculate the radial distribution function, 
a series of concentric spheres are drawn around an arbitrary particle at small fixed 
intervals ∆ r  apart. Randomness of filler distribution can be used to ensure that no 
periodicity exists in the filler distribution. A radial distribution function of filler 
centroids,  g ( R ), is used for this purpose  [18 ,  19] . The function is given as

 
g r

n r

r r
( ) =

( )
r p4 2 ∆

,
     

(14.9)
  . 

 where  g ( r ) is the radial distribution function,  n ( r ) is the mean number of particles in 
a shell of width ∆ r  at a distance  r , and  r  is the mean atom density. Figure  14.4  shows 
a plot of  g ( R ) for a distribution of filler volume fraction 0.20. The distributions are not 
periodic as very little presence of spikes of maxima and minima are seen.    

  Fig. 14.3    Centroids for acceptable nanoparticle distribution       

Volume Fraction of Filler Particles

P
os

iti
on

 o
f C

en
tr

oi
d 

A
lo

ng
 L

0.0 0.1 0.2 0.3 0.4 0.5

Position  of X Centroid 
Position  of Y Centroid 
Position  of Z Centroid 

0.00

0.25

0.50

0.75

1.00

 Table 14.1    Moment of inertia of acceptable nanoparticle distributions  

  
Volume fraction

 Moment of inertia 
about axis 1 

 Moment of inertia 
about axis 2 

 Moment of inertia 
about axis 3 

 0.10  100,105.25  85,311.77  86,064.94 
 0.20  208,298.14  195,363.03  210,952.10 
 0.25  278,355.74  259,266.68  254,355.15 
 0.38  168,768.24  179,810.48  186,470.79 
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  14.6 Finite Element Model of Unit Cell  

 Lall et al.  [13 ,  14]  created finite element models of the cubic unit cells to predict 
the CTE and elastic modulus of the nano-underfill. In these models, spherical 
silica fillers have been generated in an epoxy cube. The length of the epoxy cube 
is equal to the length of the unit cell considered in the unit cell algorithm. The 
filler particles have been generated by using the center coordinates and radius. 
For the models having volume fraction of filler more than 0.25, fillers overlapping 
the cube surface are carefully cut into pieces and copied at a suitable place onto 
the other side of the cube. The model geometry is meshed by eight-node tetra-
hedral brick elements. Figures  14.5 – 14.7   show representative models of the unit 
cell and filler distribution. Figure  14.8  shows an example of the mesh generated 
in the FEA models. Figure  14.9  shows the isotropic distribution of particles with 
volume fraction,  g  = 0.38. Table  14.2  shows the material properties of the filler 
and epoxy matrix.           

  14.7 Prediction of CTE  

 Finite element models can be used to predict the CTE of the nano-underfill for dif-
ferent volume fractions of filler particles. Symmetric boundary conditions are used 
at the cube faces at  x ,  y , and  z  equal to 0. The degrees of freedom are coupled at the 
faces at  x ,  y ,  z  equal to  L . The temperature of the model is raised to a user-defined 
uniform temperature. This ensures that the cube faces will not be distorted after 

  Fig. 14.4    Plot of radial distribution function       
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  Fig. 14.5    Isotropic view of filler distribution,  g  = 0.20       

  Fig. 14.6    Front view of filler distribution,  g  = 0.20       

  Fig. 14.7    Side view of filler distribution,  g  = 0.20       

  Fig. 14.8    FEA mesh,  g  = 0.20       
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deformation. Calculated CTE values are presented in Fig.  14.10 . The CTE of the 
underfill decreases linearly with the increase of volume fraction of the filler parti-
cles. Figure  14.10  shows predicted and experimental CTE values in  x ,  y ,  z  directions 
together on the same graph. This graph shows that CTE in all directions is almost 
identical, which once again proves that the generated unit cells are isotropic.   

 Table 14.2    Material properties for epoxy matrix and nanosilica particles  

    Elastic modulus (GPa)  Poisson ratio  CTE (ppm/°C) 

 Filler  77.8  0.19  0.5 
 Epoxy  2.5  0.40  62.46 

  Fig. 14.9    Isotropic view of filler distribution,  g  = 0.38       

  Fig. 14.10    Prediction of  x ,  y ,  z  CTE by finite-element analysis of unit cell       
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  14.8 Prediction of Elastic Modulus  

 In this section, elastic modulus prediction of nano-underfill for different volume 
fractions has been presented. For this analysis, different boundary conditions than 
the CTE models are used. Displacement in the  x -direction is 0 at the cube surface 
at  x  equal to 0. Fixed boundary condition is applied at one of the points at the mid 
position of the surface at  x  equal to 0. Tensile load is applied at the surface at  
x  equal to  L  in the form of uniform pressure. A suitable small value of the pressure 
load will give better results because the modulus is defined as the initial slope of 
the linear part of stress–strain curves. Figure  14.11  shows the elastic modulus vs. 
volume fraction of filler particle. Elastic modulus increases exponentially with the 
increase of volume fraction of the filler particles.   

  14.9 Prediction of Bulk Modulus  

 In this section, nano-underfill bulk modulus calculations by finite element analysis 
of the earlier unit cell are discussed. A fixed boundary condition is applied on the 
node at the origin. The origin is located at one corner of the unit cell. The  x ,  y , and  z  
deflections are kept 0 on the surfaces located at  x  = 0,  y  = 0, and z = 0, respectively. 
A uniform tensile loading in the form of hydrostatic pressure is applied on the 
 surfaces located at  x  =  L ,  y  =  L , and  z  =  L , respectively. The degrees of freedom are 
coupled in the corresponding directions at  x  =  L ,  y  =  L , and  z  =  L , respectively. 

  Fig. 14.11    Prediction of elastic modulus by FEA analysis of unit cell       
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The loading causes an increase in the volume of the cube without changing the shape 
at all. Since the unit cells are isotropic, it generated a uniform change in length in all 
directions. Bulk modulus values are calculated by using the following formula

   k V

V

=
s

∆
,    (14.10)   

 where  k  = bulk modulus,  s  = value of applied hydrostatic stress,  V  = original  volume, 
and ∆ V  = change in volume. The analysis has been performed for unit cells with 
 g  = 0, 0.1, 0.2, 0.25, and 0.39. Figure  14.12  shows the predicted bulk modulus as a 
function of volume fraction of the filler particle. In this case, the bulk modulus of 
the epoxy without any filler is 4.16 GPa, and it increases mono-tonically with 
increases of volume fraction of the filler particles.   

  14.10 Prediction of Poisson’s Ratio  

 The unit cell approach has been used to predict Poisson’s ratio of the nano-underfill, 
and quantify the lateral deformation of the underfill under stress. Displacement 
in the  x -direction is 0 at the cube surface at  x  equal to 0. Fixed boundary condition 
is applied at one of the points at the mid position of the surface at  x  equal to 0. 
Tensile load is applied on the surface at  x  equal to  L  in the form of uniform pressure. 
Nodal degrees of freedom on surfaces at  y  = 0 and  L ,  z  = 0 and  L  are coupled at 

  Fig. 14.12    Prediction of bulk modulus by FEA analysis of unit cell       
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corresponding directions. Loading causes extension in  x  direction and contraction 
in  y  and  z  directions. Poisson’s ratio is calculated by using the extension and 
contraction values. Figure  14.13  shows that Poisson’s ratio decreases nonlinearly 
with increase of filler volume fraction.   

  14.11 Viscoelastic Model for Nano-Underfills  

 Underfills exhibit time-dependent, strain-rate-dependent deformation response 
under thermomechanical loading. Nano-underfills are viscoelastic materials, which 
exhibit instantaneous elasticity, creep and recovery, stress relaxation, strain-rate 
dependence, and delayed recovery. Silica nanoparticles used in underfills exhibit 
linear elastic behavior. Viscoelastic property of the epoxy matrix is responsible for 
the time-dependent behavior of underfill. 

 Combinations of Maxwell and Kelvin Models have been used to represent 
 viscoelastic material behavior in nano-underfills. The Maxwell model includes a 
linear spring element and a linear viscous dashpot element connected in series. 
Kelvin models include linear spring and linear dashpot connected in parallel. 
Generalized parallel Maxwell models and generalized series Kelvin Models have 
been used, since they are capable of representing instantaneous elasticity, delayed 
elasticity with various retardation times, and stress relaxation with various relaxa-
tion times in addition to viscous flow. Generalized parallel Maxwell model is better 
suited in cases where the strain history is prescribed since the same prescribed 
strain is applied to each individual element, and also the resulting stress is the sum 
of the individual contributions. The generalized series Kelvin model is more con-
venient for viscoelastic analysis in cases where the stress history is prescribed since 
the same prescribed stress is applied to each individual element, and the resulting 

  Fig. 14.13    Prediction of Poisson’s ratio of nano-underfill by FEA unit cell analysis       
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strain is the sum of the individual strain in each element. A generalized series Maxwell 
Model formed by connecting several Maxwell elements in series is capable of 
exhibiting behavior equivalent to a single Maxwell element. Similarly, a gener-
alized parallel Kelvin Model is capable of exhibiting behavior equivalent to a 
single-element Kelvin-Model.  

  14.12 Input Constants for Viscoelastic Material Model  

 ANSYS™ finite element analysis software has been used to compute the predicted 
time-dependent behavior of the developed unit-cell model. The nano-underfill 
material has been modeled using the Williams–Landel–Ferry (WLF) shift-function 
constants and Prony-Series constants of volumetric and shear response. WLF shift 
functions were calculated from elastic modulus relaxation data and time–temperature 
superposition method. 

 Figure  14.14  shows the stress-relaxation data used in calculation of the  viscoelastic 
constants. Figure  14.15  shows the log–log plot of the temperature-dependent 
 relaxation modulus vs. time data obtained from the data shown in Fig.  14.14 . The 
curve at 25°C is taken as the reference curve, and other curves at 75, 100, and 
125°C are shifted sideways parallel to the time axis to an appropriate distance and 
the single master stress-relaxation curve shown in Fig.  14.16  is formed. The 
magnitude of the total shift for each curve has been plotted against temperature 
in Fig.  14.17 . WLF constants are calculated by substituting the temperature-
dependent shift function  a  

T
  and temperature value into ( 14.11 ) and then performing 

  Fig. 14.14    Stress-relaxation data for calculating viscoelastic constants (1% strain)       
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  Fig. 14.15    Log–log plot of the relaxation modulus vs. time data       

Log Time, min

Lo
g 

S
tr

es
s 

R
el

ax
at

io
n 

M
od

ul
us

 E
(t

),
 G

P
a

25°C 

100°C 

125°C 

75°C 

−0.8

−0.6

−0.4

−0.2

0.0

0.0 0.5 1.0 1.5 2.0 2.5

0.2

0.4

  Fig. 14.16    Master relaxation modulus at 25°C       
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nonlinear regression of that equation. Equation  14.11  has been originally proposed 
by Williams, Landel, and Ferry and it gives the relation between the shift factor and 
the temperature. Calculated WLF constants for the nano-underfill studied are as 
follows:  C  

1
  =  T  

0
  = 25°C, C 

2
  = −42.6, C 

4
  = 517°C.

 Log T
o

o

a
C T T

C T T
( ) =

− −( )
+ −

2

4

.    (14.11)       
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 Viscoelastic constants to represent volumetric response and shear response are cal-
culated by using Prony-Series. Prony-Series is derived from the solution of gener-
alized Maxwell model in parallel. Stress–strain relation of spring and dashpot can 
be represented as

   s e= k 2 .     (14.12) 

      s = he
•

1 .   (14.13) 

 Total strain,

   e e e= +1 2 ,      (14.14) 

 and strain rate

      e e e
• • •

= +1 2
  (14.15) 

 Inserting ( 14.13 ) and the time derivative of ( 14.12 ) in ( 14.15 ) will give

      
e

s s
h

•
•

+=
k

,
  (14.16) 

 or

   d

d

d

d

e s s
ht k t

= +
1

.      (14.17) 

 Taking the Laplace transform of ( 14.17 )

  Fig. 14.17    Temperature-dependent shift factor       
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 Rearranging gives

   
s

h

e
∧ ∧

( ) ( ).s
k s

s
k

s=
+

     (14.18) 

 Assuming applied strain is a step function and that e et H t( ) = ( )0 ,
then

e e
∧

0( ) .s
s

= 1
     

 Substituting in ( 14.18 ) gives

s

h

e∧
0( ) ,s

ks

s
k s

=
+

     

 or

 
s

e

h

∧
0( ) .s

k

s
k

=
+        (14.19) 

 Taking the inverse Laplace transform of ( 14.19 ) gives

s e
h

t k
k

t( ) = −
⎛
⎝⎜

⎞
⎠⎟0 exp .

 

 Assuming t
h

=
k

 gives

   s e
t

t k
t( ) = −⎛

⎝⎜
⎞
⎠⎟0 exp .    (14.20)   
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 For the generalized Maxwell model, several Maxwell elements are connected in 
parallel as shown in Fig.  14.18 . Since the Maxwell elements are in parallel, the 
stress-relaxation response will be obtained by summing the stress-relaxation 
response of the individual elements. For the combination

 s e
t

t k
t

i
ii

N

( ) = −
⎛
⎝⎜

⎞
⎠⎟=

∑0
1

exp .    (14.21)    

 Prony-Series representation of the elastic modulus can be obtained by dividing the 
stress response equation by applied constant strain. Derived Prony-Series will have 
the following form

 E t k
t

i
ii

N

( ) = −
⎛
⎝⎜

⎞
⎠⎟=

∑ exp .
t1

   (14.22)   

 A generalized parallel Maxwell model with a free spring modulus,  k  ∞ , connected in 
parallel (Fig.  14.18 ), will give the modulus relaxation response to a constant strain 
 e  

0
  as shown in ( 14.23 ),

 E t k k
t

i
ii

N

( ) = + −
⎛
⎝⎜

⎞
⎠⎟∞

=
∑ exp .

t1

   (14.23)   

 Denoting  k s by  E s will give

 E t E E
t

i
ii

N

( ) = + −
⎛
⎝⎜

⎞
⎠⎟∞

=
∑ exp .

t1

   (14.24)   

 ANSYS™ allows a maximum of ten Maxwell elements to approximate the relaxa-
tion function. Equations 14.25 and 14.26 are used to approximate the relaxation of 
shear modulus and bulk modulus.

 G t G G
t

i
i
G

i

n

( ) = + −
⎛
⎝⎜

⎞
⎠⎟∞

=
∑ exp ,

t1

G      (14.25)  

   k t k k
t

i
i
k

i

n

( ) = + −
⎛
⎝⎜

⎞
⎠⎟∞

=
∑ exp ,

t1

k

   (14.26)   

  Fig. 14.18    Generalized parallel Maxwell 
Model with a free spring in parallel       
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 where,

G
k
n

∞

∞

=
=
=

Final shear modulus GPa
Final bulk modulus GPa

G

( )
( )

NNumber of Maxwell elements to approximate G relaxation

kn = NNumber of Maxwell elements to approximate k relaxation
Gt i   and Relaxation time for each Prony component minkt i = ( ).

 

 For the present study, a total of five Maxwell elements are considered. Temperature-
dependent Prony constants have been calculated by the nonlinear regression of ( 14.24 ) 
and ( 14.25 ). Calculated Prony series constants are given in Tables  14.3  and  14.4 .    

 Table 14.4    Prony viscoelastic volumetric response  

    25°C  75°C  100°C  125°C 

  k  
1
   0.0972  0.0922  0.1148  0.07078 

t1
k  16.09  31.15  13.24  2.84 

  K  
2
   0.0543  0.0804  0.4311  0.1345 

t 2
k  16.12  31.15  0.9412  23.06 

  k  
3
   0.2078  0.0922  0.1146  0.0709 

t 3
k  1.24  31.15  13.24  2.84 

  k  
4
   0.021  0.0919  0.1132  0.0679 

t 4
k  1.27  31.15  13.21  2.93 

  k  
5
   0.0429  0.3049  0.0288  0.3894 

t 5
k  16.03  1.71  58.52  0.3223 

 Table 14.3    Prony viscoelastic shear response  

    25°C  75°C  100°C  125°C 

  G  
1
   0.0059  0.0208  0.1269  0.0215 

   
t1

G

  
 9.39  17.55  0.9385  2.92 

  G  
2
   0.0196  0.0278  0.0256  0.1146 

t 2
G  10.91  35.43  13.91  0.3227 

  G  
3
   0.0646  0.0887  0.0374  0.0396 

t 3
G  1.09  1.60  12.85  23.02 

  G  
4
   0.0195  0.0294  0.0376  0.0212 

t 4
G  12.12  32.07  12.85  2.94 

  G  
5
   0.018  0.0298  0.0093  0.0188 

t 5
G  32.23  34.81 66.02  2.73 
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  14.13 Material Property Measurement  

 A MT-200 tension/torsion thermomechanical test system from Wisdom Technology, 
Inc., has been used to test the samples in this study. The system provides an axial 
displacement resolution of 0.1 µm and a rotation resolution of 0.001°. Testing can 
be performed in tension, shear, torsion, bending, and in combinations of these 
loadings, on small specimens such as thin films, solder joints, gold wire, fibers, etc. 
Cyclic (fatigue) testing can also be performed at frequencies up to 5 Hz. In addi-
tion, a universal six-axis load cell is utilized to simultaneously monitor three forces 
and three moments/torques during sample mounting and testing. An environmental 
chamber provides a temperature range capability of ∼−50 to 300°C. For uniaxial 
testing with the MT-200, forces and displacements are measured. The axial stress 
and axial strain are calculated from the applied force and measured cross-head 
displacement using

 s e
d

= = =
F

A

L

L L
; ,

∆      (14.27)   

 where  s  is the uniaxial stress,  e  is the uniaxial strain,  F  is the measured uniaxial 
force,  A  is the original cross-sectional area,  d  is the measured cross-head displace-
ment, and  L  is the specimen gage length (initial length between the grips).  

  14.14 Uniaxial Testing  

 In this section, uniaxial testing of the nano-underfill specimens is discussed. The 
specimen preparation procedure is presented in  [20] . With the developed test speci-
men, tensile, creep, and relaxation tests have been performed in a wide temperature 
range. The nano-underfill material for detailed material testing is NUF1, and has a 
cure time of 30 min at 150°C. The NUF1 underfill has a volume fraction in the 
neighborhood of  g  = 0.22. The glass transition temperature of this material is 156°C 
by the dynamic mechanical analysis (DMA) Method. The thickness of the cured 
uniaxial specimen is 75–125 µm (3–5 mil). The typical length and width of a speci-
men are 90 and 3 mm, respectively. In all uniaxial tests, the effective test length of 
the uniaxial specimen is 60 mm. 

  14.14.1 Stress–Strain Data 

 Figure  14.19  shows typical stress–strains curves for underfill NUF1 at 50°C, and a 
strain rate of   e•    = 0.001 s −  1 . The observed variation in the data between different 
tests is typical for cured polymeric materials. The elastic modulus  E  is the slope of 
the initial linear portion of the stress–strain curves. At 50°C and e•      = 0.001 s −  1 , the 
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value for this underfill is measured to be  E  = 3.74 GPa. This value is found by 
averaging the results from five tests. An empirical three-parameter hyperbolic 
tangent model has been used to model the observed nonlinear underfill stress–strain 
data. Such a model has been used historically to model the stress–strain curves of 
cellulosic materials  [21 ,  22] . The general representation of the hyperbolic tangent 
empirical relation is

   s e e e( ) tanh ,= ( ) +C C C1 2 3     (14.28)   

 where  C  
1
 ,  C  

2
 , and  C  

3
  are material constants. Differentiation of ( 14.28 ) gives an 

expression for the initial (zero strain) elastic modulus,

     E=C C +C .1 2 3   
(14.29)  

 Likewise, constant  C  
3
  represents the limiting slope of the stress–strain curve at high 

strains. For a given set of experimental data, constants  C  
1
 ,  C  

2
 , and  C  

3
  are determined 

by performing a nonlinear regression analysis of ( 14.28 ) through experimental data 
points. Based on the results from  [22] , the data from all of the stress–strain curves 
in a set should be fit simultaneously to obtain the best set of hyperbolic tangent 
model material constants. 

 The stress–strain data shown in Fig.  14.19  have been fit with the hyperbolic tan-
gent model using a nonlinear regression analysis. Results from this calculation are 
 C  

1
  = 53.60,  C  

2
  = 68.67, and  C  

3
  = 10.68 MPa. Excellent correlation is observed. 

Such results are typical for all of the temperatures at which testing has been performed. 

  Fig. 14.19    Hyperbolic tangent model fit to typical underfill stress–strain data ( T  = 50°C, 
e•      = 0.001 s −  1 )       
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Typical variation of the stress–strain curves of the tested nano-underfills NUF1 
(20% volume fraction) and NUF2 (10% volume fraction) with respect to  temperature 
is shown in Figs.  14.20  and  14.21 . The strain rate for these tests is   ε

• −= 0 001 1. .s    
The total test time (to failure) of a typical tensile test is less than 5 s for room-
 temperature experiments. Tests have been performed at  T  = 25, 50, 75, 100, 125, 

Fig. 14.20 Temperature-dependent average stress–strain curves of underfill NUF1 (  = 0.001 s−1)

  Fig. 14.21    Temperature-dependent stress–strain curves for nano-underfill NUF2 (  = 0.001 s −  1 )       
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and 150°C. The curves shown in Fig.  14.20  are the hyperbolic tangent empirical fits 
to the multiple curves measured at each temperature, and therefore represent an 
average measured stress–strain curve at each temperature. The stress–strain curves 
in Fig.  14.20  illustrate considerable softening and viscoplastic-type behavior as the 
temperature is increased.  

 Elastic modulus decreases approximately linearly with the increase of tempera-
ture from 25 to 125°C. Figure  14.22  shows temperature-dependent elastic modulus 
of underfill NUF1. The value of elastic modulus at 25°C is in the neighborhood of 
4.65 GPa. This correlates well with the predicted value of 4.4 GPa from the unit 
cell model (Fig.  14.11 ). For temperature  T  = 125°C, elastic modulus decreases dra-
matically, and at  T  = 150°C it is almost 0. This is typical as underfill approaches its 
glass transition temperature. Figure  14.22  shows a comparison of elastic modulus 
of the nano-underfill NUF1 vs. micron-filler underfill UF1, which has microsize 
particles as fillers. The volume fraction of filler particles in UF1 is almost double 
that in NUF1. Figure  14.22  shows that, due to higher filler concentration, UF1 has 
a higher elastic modulus than NUF1. Glass transition temperature of UF1 is 150°C, 
and its modulus drops greatly after 100°C but NUF1 has glass transition tempera-
ture as 156°C and its modulus drops greatly after 125°C.  

 Measurement of accurate mechanical properties at extreme low temperatures is 
very important for various applications, including the solar system exploration mis-
sions by NASA. In this present study, tests have been performed at very low tem-
peratures down to −175°C. A newly developed environmental chamber is used with 
the MT-200 testing system for this purpose. Figure  14.23  shows stress–strain 
curves at −50, −100, and −175°C. The measured data have been plotted together 
with the room temperature and higher stress–strain curves shown earlier in 
Fig.  14.20 . The test data shows that underfill NUF1 became more linear elastic as 
the temperature decreases to cryogenic temperature. Figure  14.24  shows the elastic 

  Fig. 14.22    Elastic modulus of a nanofiller underfill (NUF1, volume fraction = 0.22) and a micro-

filler underfill (     = 0.001 s −  1 )       
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Fig. 14.23 Temperature-dependent stress–strain curves at extreme low temperatures (  = 0.001 s−1)
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  Fig. 14.24    Temperature-dependent elastic modulus in cryogenic temperatures (      = 0.001 s −  1 )       
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modulus of underfill NUF1 at extreme low temperatures. The elastic modulus also 
increases linearly with decrease in temperature from the room temperature to nega-
tive temperatures. At −175°C, elastic modulus of NUF1 became almost double the 
room temperature value.   
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  14.14.2 Creep Data 

 Creep curves for the underfills NUF1 and NUF2 are shown in Figs.  14.25  and  14.26 . 
All the tests have been performed at a constant stress level of 10 MPa. Both underfills 
show a strong influence of temperature upon the deformation under constant load.  

 At temperatures near the  T  
g
 , the creep compliance is greatly increased. The 

micro-underfill (UF1, 22% volume fraction) with comparable volume fraction to 

Fig. 14.25 Temperature-dependent creep data of NUF1

  Fig. 14.26    Temperature-dependent creep data of NUF2       
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the nano-underfill (NUF1, 20% volume fraction) shows greater creep compliance 
(Fig.  14.27 ).   

  14.14.3 Preliminary Relaxation Data 

 Preliminary stress-relaxation test curves for the underfill NUF1 are shown in 
Fig.  14.28 . All the tests are performed for a constant strain level, which is 1% in 

  Fig. 14.27    Temperature-dependent creep data of UF1       

  Fig. 14.28    Temperature-dependent stress-relaxation test data of underfill NUF1       
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this case. From test data, it is observed that the stress-relaxation rate increases with 
the increase of temperature. All the tests have been stopped after 100 min as it 
reaches a very small rate of change of stress after this time.    

  14.15 Correlation of Stress-Relaxation Behavior  

 The predicted relaxation behavior of 10% volume fraction (NUF2) and 20%  volume 
fraction (NUF1) underfills has been correlated with experimental data. Fixed 
boundary conditions are applied at mid-side nodes of the  y  = 0 surface. The  y -
 displacement has been set to 0 on the cube surface at  y  = 0. Tensile loading is 
applied at the surface at  y  =  L  in the form of uniform nodal displacement. Step dis-
placement loading is chosen instead of ramp loading to make sure instantaneous 
application of strain. The value of applied instantaneous strain is 1% and has been 
kept constant throughout the solution. 

 Nanofiller particles have been modeled as linear elastic. Viscoelastic material 
behavior of the generalized-parallel Maxwell model is applied for the epoxy matrix. 
To represent the viscoelastic properties of epoxy WLF constant data, Prony visco-
elastic shear response data, and Prony viscoelastic volumetric response data of 
epoxy have been used. During the stress-relaxation test, the stress–strain value 
starts from 0 and ramps up to the applied strain level before undergoing stress 
relaxation. The instantaneous modulus continuously decreases with relaxation to a 
value significantly lower than the initial elastic modulus. In the calculation of Prony 
constants, the initial ramping of stress–strain is ignored, and instantaneous strain 
and stress is assumed to be applied at time equal to 0. 

 The elastic modulus value of the epoxy is 2.5 GPa, measured from the initial slope 
of the stress–strain curve of a tensile test. The aforementioned elastic modulus value 
may not be appropriate for viscoelastic analysis, since the applied strain loading is 
instantaneous. Use of the initial elastic modulus value may considerably overpredict 
the relaxation behavior of the underfill. Instantaneous value at the start of stress relaxa-
tion has been used for analysis. In this case, a value of 1.84 GPa has been used for 
analysis. Nonlinear solutions have been performed in this case with several time sub-
steps. The nodal stress response of the surface at  y  =  L  has been computed and plotted 
in Fig.  14.29 . The predicted value for both the 10% and 20% volume fraction nano-
underfill correlates well with the experimentally measured relaxation behavior.   

  14.16 CTE Measurement  

 CTE is the most critical thermomechanical property of underfill. Accurate meas-
urement of CTE of the cured underfill is challenging, and in this section, a strain 
gage method has been applied to measure it. The strain gage technique is a very 
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accurate method for CTE measurement  [23] . Hence, the specimen for this method 
should be very stiff; in this case, much thicker underfill specimens than the uniaxial 
test specimens are used. A 25 mm × 15 mm × 1 mm specimen has been cast and 
cured at 150°C for 30 min. 

 A strain gage is then placed on the cured specimen. A special type of CTE meas-
urement strain gage is chosen for this purpose. A similar strain gage is placed on a 
reference material. The reference material is a TSB bar specially made for using in 
CTE measurement. The underfill specimen and the TSB bar are heated in an oven 
from room temperature to 120°C. Figures  14.30  and  14.31  show the strain gage 
readings at different temperatures for the gages placed on the reference material 
and underfill specimen, respectively. The CTE is calculated by the following equa-
tion  [23] ,

    
a a

e e
S R

S R− =
−

∆T
,

   
(14.30)

  

 where a 
S
  and a 

R
  are CTE of the test specimen and reference material, respectively. 

 e  
S
  and  e  

R
  are strain gage output of the gages on the test specimen and the reference 

material, respectively, and ∆ T  is the temperature difference. The calculated value of 
CTE of the underfill NUF1 is 39 ppm/°C. The value correlates reasonably with the 
CTE value of 45 ppm/°C predicted from the unit cell model (Fig.  14.10 ).  

  Fig. 14.29    Prediction of elastic modulus relaxation for NUF1 and NUF2 nano-underfills       
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  14.17 Thermal Shock Reliability Testing  

 Thermal shock testing of PB8 board has been performed in a liquid-to-liquid ther-
mal shock chamber. The chips were underfilled with NUF1. One complete cycle 
duration is 12 min. To complete a cycle, test boards are kept immersed for 5 min 

Temperature (°C)

St
ra

in
 G

ag
e 

R
ea

di
ng

 

−2500

−2000

−1500

−1000

−500

0
0 20 40 60 80 100 120 140

Fig. 14.30 Strain gage reading from the gage on the reference material

  Fig. 14.31    Strain gage reading from the gage on the test specimen       
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Fig. 14.32 Cross section of flip-chip 
device assembled with nanosilica 
underfill. The top edge of the dark-
gray area indicates the die-to-under-
fill edge

  Fig. 14.33    Cross section of flip-chip 
device assembled with micron-filler 
underfill        

alternately in cold and hot baths with extreme temperatures (−55 to 125°C, or −55 
to 150°C) and 1-min holding time between. Figures  14.32  and  14.33  show the filler 
distributions in nanofiller and micron-filler underfills. Thermal shock data are dis-
cussed later.  

  14.17.1 Test Results, Failure Mechanism (Eutectic Solder) 

 The temperature range is from −55°C to 125°C. The die is a PB8 (5.08 mm × 5.08 mm) 
perimeter bumped flip chip with 88 bumps total. The pitch is 0.203 mm. The ball 
diameter is 0.127 mm. The solder alloy is 37Sn63Pb eutectic. The substrate is a 
high  T  

g
  laminate, with 10 chip sites on each substrate. Underfill delamination is 

observed to be the predominant mechanism causing electrical failure of flip chip on 
board assembly. Figure  14.34  shows the failed devices after 3,120 cycles of thermal 
shock and 100% failure of the population. Weibull distribution of failures is shown 
in Fig.  14.38 . Underfill delamination from the chip interface provides the path for 
solder extrusion. Solder extrusion can be seen from x-ray inspection in Fig.  14.35  
and SEM images of a flat-section sample in Fig.  14.36 . Solder joint fatigue failures 
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are caused by CTE mismatch between silicon and laminate substrate concurrent 
with underfill delamination. Fatigue cracks at the flip-chip interface are shown in 
Fig.  14.37 .   

Fig. 14.34 Delamination at underfill and die interface

Fig. 14.35 Solder extrusion in underfill 
(X-ray)

  Fig. 14.36    Flat section showing solder 
extrusion in underfill (SEM image)       
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Fig. 14.37 Fatigue cracks at the flip-
chip interface

  14.17.2 Test Results, Failure Mechanism (Lead-Free Solder) 

 The test die is a PB8 perimeter bumped flip chip with 88 bumps at 0.203-mm pitch. 
The ball diameter is 0.127 mm. The solder alloy is 95.5Sn3.5Ag1.0Cu. Test tem-
perature extremes (−55 to 150°C) for lead-free solder bumped test vehicle are chosen 
to be higher than that for the eutectic test vehicle. Weibull distribution of failures is 

Fig. 14.38 Weibull distribution of failures for 63Sn37Pb solder alloy bumps
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shown in Fig.  14.39 . Similar to the failures in eutectic interconnects, cracks at the 
underfill-to-chip interface provide the path for solder extrusion. Figure  14.40  shows 
the delamination at the chip-to-underfill interface after failure. Solder extrusion can 
be seen from x-ray inspection in Fig.  14.41  and SEM images of a flat-section sam-
ple in Fig.  14.42 . Solder fatigue failure caused by CTE mismatch between silicon 
and laminate substrate and by underfill delamination is shown in Fig.  14.43 .    

Fig. 14.39 Weibull distribution of failures for LF2 solder alloy bumps subjected to −55°C to 
150°C thermal cycling

Fig. 14.40 Delamination at the chip-to-underfill interface after failure
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Fig. 14.41 Solder extrusion in X-ray 
image for 95.5Sn3.5Ag1.0Cu solder 
bumps

Fig. 14.42 Solder extrusion in underfill 
(SEM image) for 95.5Sn3.5Ag1.0Cu solder 
bumps.

  Fig. 14.43    Fatigue cracks at the flip-
chip interface for 95.5Sn3.5Ag1.0Cu 
solder bumps.       

  14.18 Summary  

 In this chapter, a methodology based on a modified RSA has been discussed to 
generate statistically isotropic cubic unit cells of nano-underfills containing ran-
dom-sized, randomly distributed nanofillers. Finite element models based on the 
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random sequential addition algorithm have been presented for prediction of linear 
and nonlinear material properties of nano-underfill materials. Model validation of 
properties with experimental data has been discussed. CTE, elastic modulus, and 
viscoelastic properties including stress relaxation have been predicted and corre-
lated with experimental data, as a function of the filler volume fraction. In addition, 
bulk modulus and Poisson’s ratio have been predicted as functions of volume fraction. 
Temperature-dependent properties including, stress–strain and stress-relaxation 
data have been measured as a function of temperature between extremes of −175°C 
to +150°C. Liquid-to-liquid thermal shock testing with a temperature range −55°C 
to +150°C for lead-free and −55°C to 125°C for eutectic bumped flip-chip die is 
used to evaluate the thermomechanical reliability of the flip chip assemblies with 
nano-underfill.      
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   Chapter 15   
 Carbon Nanotubes: Synthesis 
and Characterization       

     Yamini   Yadav(*ü )         Vindhya   Kunduru,    and    Shalini   Prasad       

  15.1 Introduction  

 Carbon can form various types of structurally different frameworks due to the ability 
of the carbon atoms to form different species of valence bonds. The extremely organ-
ized coagulation process of carbon molecules resulting in the formation of the per-
fectly symmetric fullerene molecule despite the chaotic environment of the carbon arc 
is truly fascinating. Although many formation theories for the buckyball structure have 
been suggested, the “pentagon road model” is the most popular amongst many molec-
ular physicists. The prominent features of this model are that carbon sheets have the 
tendency to accumulate isolated pentagonal carbon ring structures and grow into a 
carbon sheet with a large number of pentagons supporting its structure. 

 In the early years of the 1990s, Iijima, an electron microscopist from the NEC 
laboratories in Japan sifted through the soot formed inside the walls of the electric 
discharge chamber, which was almost completely amorphous containing fullerene 
molecules. Iijima finally found remarkable graphitic structures when he observed 
cylindrical deposits on the cathode of the arc discharge vessel  [1] . A whole new era 
of intense research and experimental exploration began after the discovery of car-
bon nanotubes (CNTs) to understand their unique physical and electronic proper-
ties. Multiwalled carbon nanotubes (MWCNTs) and double-walled carbon 
nanotubes (DWCNTs) were produced during the initial arc discharge experiments 
by various research groups all over the world. Synthesis of single-walled carbon 
nanotubes (SWCNTs)  [2]  was reported by Iijima and Ichihashi of NEC, Japan  [3]  
and Bethune’s IBM group from California  [4] , independently. 

 This chapter describes the basic characteristics of various kinds of CNT 
synthesis techniques. Conventional techniques of CNT growth include vapor 
phase growth, corona discharge, catalyst-supported growth, pyrolysis of hydro-
carbons, and laser ablation. More recent techniques such as plasma-enhanced 
chemical vapor deposition (PECVD) and chemical vapor deposition (CVD) not 
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only produce better quality CNTs but also can be patterned with the desired orientations 
on substrates  [5] . This chapter attempts to explain the bottom–up approach of 
growing CNTs from primary growth mechanisms to the more sophisticated and 
modern techniques of controlled chemical synthesis of CNTs.  

  15.2 Synthesis of MWCNTs  

 Many growth mechanisms for MWCNTs have been studied, and subsequent experi-
ments were also conducted for optimizing high-quality CNTs, which can also be 
bulk produced. The various techniques to synthesize MWCNTs are briefly 
described in this section. A mixture of benzene vapor and hydrogen was made to 
react in a reaction chamber in which a graphite rod was used as the substrate. A 
series of high-temperature treatments followed, which resulted in a material very 
similar to MWCNTs. This work by Oberlin et al.  [6]  created MWCNTs of good 
quality but relatively smaller yields when compared with the arc discharge 
method. Two graphite electrodes placed inside an arc discharge chamber were 
used in the arc discharge method. The arc struck between these two electrodes in 
an inert gas environment resulted in not only high-quality nanotubes but also 
produced better yields than any other methods. Further experimentation by 
Ebbesen and Ajayan in their 1992 paper “Large scale synthesis of carbon nano-
tubes”  [7]  showed that the yield of CNTs is extremely sensitive to the pressure of 
helium gas introduced into the arc discharge chamber. Other methods include 
electrochemical growth and catalytic growth of MWCNTs. Electrochemical 
growth was not very successful as it produced nanotubes with defective walls and 
also filled the innermost cylinder with chemical remnants. In the catalytic 
method, a pretreated substrate containing tiny catalytic particles on it is exposed 
to a temperature treatment chamber, which results in nucleation of the fiber-like 
growths on the substrate surface  [8] .  

  15.3 Synthesis of SWCNTs  

 Bethune and his team at IBM’s research center in San Jose discovered SWCNTs 
 [4] . The team’s experiments began with exploring the electrical and magnetic prop-
erties of fullerene-related molecules, which enclosed metal particles. Blankets of 
soot, which clad the inner walls of their arc evaporation chamber, contained fuller-
ene tubes of only one atomic layer. Subsequently, after more research on improving 
the technique of SWCNT growth by arc evaporation method, the same IBM team 
in collaboration devised a catalytic method of growth of SWCNTs.  
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  15.4 Arc Discharge Method  

 The arc discharge method was first used to produce C 
60

  and other fullerene mole-
cules by changing the conditions of the arc discharge  [2] , which makes it one of the 
easiest and most common methods to produce CNTs in abundance. CNTs synthe-
sized by a conventional arc discharge are mostly accompanied by a carbonaceous 
mix of carbon nanoparticles of undefined physical characteristics  [2] . Graphite 
electrodes are evaporated in an inert gas environment by the application of homog-
enous electric voltage to produce a variety of fullerene molecules. The wide range 
of CNTs produced on the surface of the cathode have varying morphologies and 
suffer from a variety of defects such as amorphous carbon matter deposited on the 
inside and outside of the CNT walls. Scientifically useful specimens of CNTs can 
be retrieved from the crude end product of the arc discharge only after purification/
distillation, which separates CNTs from carbon soot and other metallic residues. 

 A schematic representation of an arc discharge used by Ando et al.  [9]  from 
Japan is shown in Fig.  15.1 .  

  Fig. 15.1    Redrawn schematic of arc-discharge chamber used for producing carbon nanotubes 
(CNTs)  [9]        
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  15.4.1   Important Parameters for CNT Formation During Arc 
Discharge 

 The process of CNT creation near the cathode surface has been well explained by 
Gamaly and Ebbesen when they proposed a model for CNT formation based on the 
interaction of the bimodal carbon velocity distribution  [10 ,  11] . According to 
Gamaly and Ebbesen, the carbon particle distribution in the raw rod-like carbona-
ceous deposit at the cathode is bimodal. While one mode comprises carbon nano-
particles of small size with varying shapes, the other mode represents CNTs of 
typical micrometer lengths with an outer diameter of 2–20 nm and inner diameters 
between 1 and 3 nm. This study of the mechanism of CNT formation revolved 
around answering key questions about interesting observations regarding the car-
bon deposits on the cathode. 

 Physical conditions of the arc discharge for efficient CNT production include 
parameters such as potential drop between electrodes, current density in the arc, the 
interelectrode spacing, plasma temperature, and pressure of the helium gas inside 
the chamber. 

 Electric parameters include the space-charge region near the cathode area where 
there is maximum potential drop due to the positive space charge around it. The 
gaseous mixture in the interelectrode region comprising neutral helium atoms, and 
neutral and ionized carbon species is important for determining the ionization 
potential in the arc. The condition of the potential drop between the electrodes 
being lesser than the first ionization potential is important to maintain the stability 
of the arc. The introduction of ions in the buffer gas might destabilize the ionic 
current, leading to the instability of the arc. 

 The study also confirms that the vapor layer near the surface of the electrode is 
most suitable for reactions involving carbon cluster formations. The effect of cool-
ing of the system also has an impact on the quality and growth structure of the 
CNTs produced.  

  15.4.2 Mechanism of CNT Formation During Arc Discharge 

 After conducting numerous experimental and theoretical studies, Gamaly and 
Ebbesen proposed a sequence of events during the formation of CNTs in the arc 
discharge chamber  [2 ,  11 – 13] . The vapor layer near the cathode surface is a result 
of evaporation of the solid graphite cathode consisting of saturated carbon vapors 
supporting maximum reactions to attach two groups of carbon particles having differ-
ent velocity distributions. There are two competing sources of carbon – one group , 
which is a result of the evaporation from the cathode surface, has a Maxwellian 
velocity distribution, while the other group, composed of ions accelerated between 
the two potentials of the electrodes, has a single energy component oriented along 
the direction of the current. Thus, it can be noted that the absence of symmetry in 
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the Maxwellian carbon groups will lead to the formation of random carbon clusters 
with unpredictable geometries, while the reacting particles from the directed current 
flux may form the elongated structures like CNTs. 

 The process of carbon deposition to form rod-like structures on the surface of 
the cathode is a result of many layers of carbon deposition. Following is the 
sequence of events responsible for the formation of CNTs during the arc discharge 
process. 

  Seed Formation : Seed structures are believed to be important for the growth of 
the carbon tubules. Initial heating and ionization of the electrodes and interelec-
trode gas play an important role in establishing a steady ion current  [10] . As dis-
cussed earlier, the initial velocity distribution of the interacting particles, which is 
Maxwellian, is accompanied by the directed current fluxes that give rise to seed 
structures  [11] . 

  CNT Growth : The seed particle, which condenses on the cathode, interacts with 
the electric field in the cathode sheath to induce an electric dipole moment in the 
neighboring particles. The interaction between the various seed particles may align 
the electric field such that it results in the formation of linear carbonaceous struc-
tures  [14] . Gamaly and Ebbesen also elaborated that the elongated carbon tubule 
formed due to the interaction of the directed ions with the solid surfaces is three 
orders stronger than that of the carbon cluster formation process. Hence, the arc 
discharge carbon formation process supports growth of carbon tubules along the 
axis of the symmetry more than the undirected formation of random carbon fuller-
ene molecules. Simultaneously, the formation of Maxwellian velocity-distributed 
carbon particles continues with the tubule formation helping in the attachment of 
carbon particles to the growing tubules, thus forming MWCNTs. 

  CNT Kinetics : Although negatively charged CNT seeds are repelled in the cathode 
sheath, some seed particles can get deposited on the cathode surface due to the 
momentum provided by the ion flux and the CNT initial velocity at the edge of the 
cathode sheath  [14] . Keidar and Waas from the University of Michigan established 
the parameters responsible for the formation of CNTs in different locations inside the 
arc discharge chamber  [14] . It is summarized that CNTs with smaller aspect ratios 
can be influenced by the plasma jet and can get deposited on the chamber walls while 
those with longer aspect ratios get deposited on the cathode surface. The velocity that 
a CNT gains due to the interaction with the flowing plasma and this dependency on 
the aspect ratio of the CNTs determine the location of formation of the CNTS – on 
the chamber walls or cathode surface as explained in Fig.  15.2  later.  

 The resulting CNTs formed from the aforementioned methods are produced in 
abundance, but at the cost of quality, since the graphitization of the tube walls suf-
fers from imperfections. Wang et al. from the Northwestern University  [2]  have 
improved the quality of the buckytubes as compared with those prepared by the arc 
discharge method by modifying certain physical and electrical components of the 
arc discharge chamber. A tungsten wire, which acts as an extension to a Tesla coil, 
was incorporated and made to point toward the arc region. The  stable glow dis-
charge  was produced by a corona discharge triggered by the Tesla coil, thus overcoming 
the instabilities caused when the anode and cathode are made to strike each other 
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during a conventional arc discharge. Figure  15.3  demonstrates the differences in the 
time dependence of current across the interelectrode gap during the formation of 
CNTs between a conventional arc discharge and stable glow discharge. A Hewlett 
Packard 7090A Measurement Plotting System was used for recording the resultant 
glow discharge spectrum of both the arc discharge and stable glow discharge tech-
niques. The glow discharge displays minimal current fluctuations with respect to 
time indicating that the process is homogenous and continuous, while on the other 
hand the continuous variations of current in the arc discharge method are indicative 
of the process being transient.  
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  Fig. 15.2    Redrawn graph demonstrating that CNTs with large aspect ratios can overcome the 
potential barrier, therefore making a transition through the cathode sheath and deposited on the 
cathode  [14] .       

  Fig. 15.3    Comparative redrawn graphical representation of current discharge as a function of 
time for ( a ) stable glow discharge and ( b ) arc discharge methods  [2]        
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 Many more research teams have studied and improved the method of arc 
discharge technique of producing nanotube in terms of experimental ease, quality 
of nanotubes, production quantity, and parameter control schemes. Journet et al. 
devised a method to produce SWCNTs by the electric arc technique  [15]  where the 
quality of CNTs produced was of the same as those generated by the laser ablation 
technique. Zhu et al. introduced interesting modifications to the arc discharge tech-
nique from China where CNTs were produced in a container with water, thus elimi-
nating the need for vacuum or a water-cooled chamber. The water-arcing process 
 [16]  produced high-quality MWCNTs.   

  15.5 Laser Ablation Method  

 In the early 1990s, Smalley and coworkers from the Rice University were using 
energized power pulsed lasers to vaporize metallic targets to form various metal 
particles. The team was successful in creating MWCNTs when the metallic targets 
were substituted with graphite and a laser beam was impinged on the surface in an 
inert gas environment  [17] . 

 The experiment required used an Nd:YAG argon laser with a 50-cm long quartz 
tube inside a temperature-controlled furnace. The quartz tube is sealed after placing 
the graphite target, and the chamber is maintained at vacuum < 10 mTorr with tem-
peratures at 12,000°C. The Gaussian laser beam energized with 250 mJ is pulsed at 
10 Hz at 10-ns pulses. The laser beam is then made to scan across the surface of the 
target to deposit soot on top of a water-cooled conical copper-collecting rod. Figure 
 15.4  accounts for the experimental details provided.  

  Fig. 15.4    Redrawn schematic of the experimental setup used by Smalley and coworkers  [17]  to 
prepare CNTS using the laser ablation technique       
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 Spherical fullerene molecules are likely to form in temperature environments 
close to 10,000°C, and the formation of close-ended CNTs is more likely in such 
cases of high-temperature conditions. The team made a very interesting observation 
about the existence of long length (typical micrometer range) MWCNTs, which 
would normally be absent at temperatures ranging well over 10,000°C as observed 
from Fig.  15.4 . Owing to the high annealing temperatures, the fullerene yield 
would rather comprise the more energetically stable spherical fullerene rather than 
long nanotubules, which were otherwise expected to get closed off at the ends with 
the nanotube precursor exposed to such high temperatures. The final fullerene yield 
consisted of MWCNTs and spherical carbon molecules called “carbon onions.” The 
absence of SWCNTs provides a key explanation to the process of the formation of 
MWCNTs in the laser ablation technique. Figure  15.5  explains the theory behind 
the formation of CNTs despite the high temperatures of the furnace. On the basis 
of gas-phase mechanism, the team hypothesizes that the carbon atoms bridge 
between the adjacent edges of the growing graphene sheets, thus prolonging their 
open-ended structures.  

 In the same year, Guo et al. from the Rice Quantum Institute devised a procedure 
to catalytically grow SWCNTs by the laser ablation technique  [18] . A mixture of 
transition metals such as cobalt and nickel catalyzed the carbon vaporization event 
during the direct laser vaporization process. 

 A few years later, Scott and his team of researchers from Houston theorized the 
growth mechanism for SWCNTs in the laser ablation process  [19]  using two Nd:

  Fig. 15.5    Redrawn figure represents fullerene branching paths during the CNT formation in the 
laser ablation technique  [17]        

Carbon vapor 

Fattening Carbon
onions

Morris_Ch15.indd   332Morris_Ch15.indd   332 9/29/2008   8:08:59 PM9/29/2008   8:08:59 PM



15 Carbon Nanotubes: Synthesis and Characterization 333

YAG pulsed lasers impinging on a graphite target containing a certain percentage 
of cobalt and nickel. The team’s investigation suggested that the carbon, which is 
the source for nanotube formation, is found not only in the graphite target, but is 
also from the carbon particles present in the reaction zone. Fullerene molecules 
formed during the laser vaporization process may also participate as carbon feed-
stock, thus effectively reducing the contamination rates of SWCNTs during the 
tubule formation process. Contemporarily, Yudasaka et al. from NEC Corporation, 
Japan thoroughly delved into the process of SWCNT formation during the laser 
ablation process in the presence of nickel, cobalt, and nickel–cobalt catalysts  [12] . 
The Japanese team of scientists along with Iijima revealed that the yield of 
SWCNTs depended on the target composition schemes of the catalysts, viz cobalt 
and nickel. 

 Figure  15.6  pictorially depicts the dependency of SWCNT yield on metal species 
 [12] . Figure  15.6a : Cobalt (Co) does not melt very well in the carbon (C), thereby 
causing inhomogeneous distribution of Co and no growth of SWCNTs. Figure  15.6b : 
Nickel (Ni) or nickel–cobalt (NiCo) distribution was more homogenous in the molten 
carbon causing the formation of SWCNTs. Figure  15.6c : Chemical reactivity of Ni 
and C would be reduced at lower temperatures leading to reduced yield of 
SWCNTs. Figure  15.6d : Iron (Fe) dissolves in carbon, and the mixture remains as 
a solid solution at room temperature making it impossible for Fe clusters to segre-
gate in the C–Fe droplets thereby eliminating the possibility of growth of any 
SWCNTs.   

  Fig. 15.6    Redrawn figure shows influence of metal species on single-walled carbon nanotubes 
(SWCNT) yields during laser ablation process  [12]        
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  15.6 Pulsed Corona Discharge Method  

 In 2004, Mishra et al. have used the pulsed corona discharge technique to prepare 
CNTs  [20]  by deposition of methane at atmospheric pressure. The process of suc-
cessful production of hydrogen and CNTs has been attributed to the enhanced elec-
tric field near the surface of the inner electrode. The experimental technique paves 
the way for mass production of hydrogen as an energy source and CNTs for indus-
trial and academic purposes. 

 A few years later, Sano and Nobuzawa from Japan made use of a needle elec-
trode by atmospheric pressure corona discharge  [21] . The carbon source was meth-
ane in a hydrogen stream, and CNT formation was observed at the tip of the 
needle-shaped cathode. MWCNTs were created at a localized surface on the tip of 
the needle-like electrode, and strong electric fields enhanced CNTs to form a free-
standing MWCNT forest at the cathode tip. 

 Recently, Uhm et al. from Korea have devised a new technique to produce CNTs 
with a portable microwave plasma torch at atmospheric pressure  [22] . Acetylene, 
which acted as a carbon source, was used in conjunction with iron pentacarbonyl 
acting as the metal catalyst. A high-temperature furnace was also incorporated to 
increase the yield of CNTs.  

  15.7 Other Methods  

  Catalytic Pyrolysis : In 1998, Cheng et al. produced bundles of SWCNTs by cata-
lytic decomposition of hydrocarbons at temperatures around 12,000°C using the 
floating catalyst method  [8] . Under different growth conditions, the addition of thi-
ophene made it possible to enhance the production of SWCNTs and MWCNTs. 
Shortly thereafter, an Australian group of researchers synthesized large arrays of 
CNTs on glass and quartz substrates by pyrolysis of iron phthalocyanine in the 
presence of Ar/He at 800–11,000°C  [23] . Aligned CNTs were also patterned into 
microarrays through a partially masked surface or contact printing process. De-Chang 
Li et al. devised a method to synthesize aligned CNT films by pyrolysis. The 
growth mechanism of the pyrolytic method of growing CNTs was theorized to 
involve the participation of iron nanoparticles of two different sizes. The smaller 
iron particles act as the active catalyst responsible for the nucleation of the nano-
tube while the larger iron particles behave as the feedstock of carbon for the forma-
tion of CNTs. The bamboo-like growths after pyrolysis are a result of surface 
diffusion of carbon atoms on the larger iron particle. 

 The arc discharge method, laser vaporization method, and the catalytically sup-
ported methods of synthesizing CNTs are capable of producing SWCNTs and 
MWCNTs in bulk and economically. The earlier described methods of fabricating 
CNTs are difficult to integrate, and factors such as the location and alignment of 
CNTs during their synthesis are under very little experimental control. The CVD 
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method of synthesizing CNTs has shown promising results of producing high-quality 
CNTs in large quantities. Synthesizing CNTs using CVD schemes has resulted in 
producing organized CNT structures/arrays, which can be readily integrated into 
various electronic, sensing, mechanical, and chemical application-oriented 
devices.  

  15.8 CVD Method  

 The CVD technique is a most common catalyst-based technique used in research 
as well as commercial production of CNTs. This method has a capacity to economi-
cally grow large volumes of CNTs, with lengths up to 18 mm with controlled 
growth direction  [24] . The parameters that affect the growth of CNTs are the cata-
lyst materials, catalyst particle sizes, and the related support, temperature, pretreat-
ment time, carbon source, and pressure of the carbon source. 

  15.8.1 Parameters Affecting the Growth of CNTs 

  15.8.1.1 Temperature 

 Temperature has an influence on the dimensions of the diameter as well as type of 
CNTs synthesized, i.e., whether they are SWCNTs or MWCNTs. It has been 
observed that there is an increase in the diameter of the CNTs with an increase in 
the temperature. Average CNT outer diameter has been found to increase from 20 
to 150 nm and the growth rate from 1.6 to 28 µm/min with increasing temperature 
in a fixed-bed reactor  [25] . In contrast, many researchers did not find a significant 
change in diameter due to temperature variation  [26] . Nerushev et al. demonstrated 
that the diameters of CNTs depend on particle size, the growth temperature, and the 
carbon flux rate, rather than only on temperature. At a certain critical condition, 
CNTs with similar diameters were grown  [27] . Therefore, further investigation is 
required for understanding the temperature dependence on the growth process. 
Figure  15.7  shows CNT growth rate and diameter dependence on temperature.   

  15.8.1.2 Pressure 

 The fluidized bed reactor (FDCVD) process is generally performed at atmospheric 
pressure. There has been no significant understanding that indicates that the 
FDCVD process is dependent upon pressure variations. It has been found that in the 
plasma-enhanced CVD technique, parameters such as diameter, quality, and growth 
rate can be changed under controlled pressure  [28] . An increase in the diameter 
with improved quality and faster growth rate has been observed as the pressure 
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decreases. Growth rates of 1–3 mm/min and CNT diameters of < 30 nm with well-
graphitized features have been observed in the high-pressure system, as compared 
with lower growth rates, larger diameter sizes, 0.1 mm/min growth rate, 60–80-nm 
CNT diameters, and bamboo-like structures in the low-pressure system.  

  15.8.1.3 Carbon Source 

 Carbon monoxide, methane, ethylene, acetylene  [23] , benzene  [29] , camphor  [30] , 
methanol  [31] , and ethanol  [31]  are the different carbon sources used in the CVD 
processes. Different structural formations of the hydrocarbon chains as either the 
straight chain or the benzene ring have influence on the type of CNTs formed, as 
compared with the thermodynamic properties (e.g., enthalpy). It has been observed 
that methane and aromatic molecules favor the formation of SWCNTs. Nishii et al. 
 [32]  and Liu et al.  [33]  used carbon monoxide, methane, and ethylene as a carbon 
source for the growth of SWCNTs.  

  15.8.1.4 Metal Catalyst 

 Metal transition catalyst is used for the growth of MWCNTs and SWCNTs. Cobalt 
 [34] , nickel  [35] , and iron  [36]  metal nanoparticles and their alloys acts as a catalyst 
in CVD process. To achieve better selectivity, metals such as molybdenum, plati-
num, and copper have been used in combination with the metal catalysts. The type 
of metal catalyst is an important parameter in the synthesis of CNTs as it determines 
the rate of carbon decomposition, yield, selectivity, and quality of products. Alloys 
of different composites provide an added advantage than pure metal nanoparticles. 
The University of Cincinnati has demonstrated the synthesis of the 18 mm longest 

  Fig. 15.7    Redrawn graphical representation of growth rate and diameter with respect to tempera-
ture  [25]        
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MWCNTs using a novel catalyst composite. In addition, with the use of catalyst 
alloy such as FeZrN, low-temperature growth of CNTs is possible  [37] . The metal 
catalysts–surface interaction helps in understanding the morphology of the catalyst 
on the base substrate, thereby the growth mechanism: base or tip. Different sub-
strates, typically Al2O3, MgO, or SiO2, are used as catalyst supports to disperse the 
catalyst onto the surface for CNT growth in CVD techniques.  

  15.8.1.5 Particle Size 

 The catalyst particle size has a major role in determining the size as well as the type 
of CNTs: MWCNTs or SWCNTs  [38] . The catalyst particle size that determines 
the nature of CNTs is still unclear and needs to be studied. It has been determined 
that the growth rate and the highest production yield can also be determined by the 
catalyst-metal nanoparticle size. In CVD, there is a contradiction in the correlation 
between the catalyst nanoparticle and the CNT diameter. For example, in the base 
growth mechanism with a catalyst particle diameter of 20 nm, CNTs with small 
diameter were synthesized, whereas the CNTs’ diameter sizes were equal to those 
of the catalyst particle diameters in the tip growth mechanism. Furthermore, irre-
spective of particle size, the diameter of the CNTs can be changed by controlling 
the residing time of the reactive gas in the reactor chamber  [39] .   

  15.8.2 Basic Concepts 

 In CVD processes, CNTs are synthesized by using two gases that are injected into the 
reactor – the process gas and the hydrocarbon gas. Acetylene, ethylene, ethanol, and 
methane are the most common gases containing carbon whereas ammonia, nitrogen, 
and hydrogen are used as process gases. Prior to the inflow of the gas into the reactor, 
the substrate is prepared. Substrates are usually silicon, glass, or aluminum. Catalyst 
metal nanoparticles are deposited onto the substrate by solution, e-beam evaporation, 
or by sputtering, which serves as a catalyst for the growth of CNTs. Later the sub-
strates are placed into the reactor tube at temperatures varying from 700 to 900°C and 
at atmospheric pressure. During the reaction process, injected hydrocarbons decom-
pose near the catalyst nanoparticle and the carbon atoms are transported to the edge 
of the metal particle to form a novel structure. Figure  15.8  shows microscope images 
of SWCNTs using a scanning electron microscope (SEM).   

  15.8.3 Classification of CVD Methods 

 The synthesized process is classified based on catalyst type, the reactor alignment, 
the growth mode, and type of CNTs synthesized. 
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  15.8.3.1 Classification Based on Catalyst 

 The size and shapes of CNTs are determined by the growth condition and the cata-
lyst nanoparticles. The size and uniform distribution of the catalyst determine the 
radii of CNTs and preparation of pure CNTs with a uniform thickness, respectively. 
Sol–gel catalyst has assisted in synthesizing CNTs, which are aligned, isolated, and 
dense  [40] . Mesoporous silica embedded with iron nanoparticles as the substrates 
are fabricated by the sol–gel method. After 48 h of growth, 2-mm long CNTs were 
formed  [41] . Metal nanoparticle catalysts are embedded on the base substrate by 
physical evaporation or by sputtering in a simple and the most common method, 
whereas in the gas phase metal catalyst method both the catalyst and the hydrocar-
bon gas are injected into a tube reactor and the catalytic reaction takes place in the 
gas phase  [42] . SWCNTs were produced by condensation of a laser-vaporized car-
bon–nickel–cobalt mixture at 1,200°C. The SWCNTs were formed when a graphite 
rod doped with Ni and Co was evaporated. SWCNTS have also been synthesized 
from a mixture of benzene and ferrocene (C 

10
 H 

10
 Fe) in a hydrogen gas flow. 

Similarly, the NEC Corporation, Japan  [43]  has synthesized CNTs by using reac-
tant gases such as high-purity methane (CH 

4
 ) and hydrogen (H 

2
 ). Ferrocene was 

used as a catalyst at 750°C. The carbon decomposition was allowed to occur using 
methane gas in the presence of ferrocene gas. The reaction is as follows:

  Fig. 15.8    SEM images of multi-walled carbon nanotubes (MWCNTs) synthesized using the 
CVD technique. The diameter of each MWCNT is ∼12–15 nm       
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CH (g) + H (g) C(s) + 3H (g)4 2

600-1,200 c
Ferocene 2⎯ →⎯⎯⎯

   

Of all the catalyst types discussed in the earlier section, large-scale synthesis has 
been achieved by gas phase metal catalyst, as the nanotubes are free from catalytic 
supports and the reaction can occur continuously.  

  15.8.3.2 Classification Based on Reactor 

 The reactor tube can be utilized either in the horizontal or in the vertical position 
for synthesis of CNTs. In a fixed-bed method  [44]  the reactor is aligned in the hori-
zontal direction whereas in the fluidized bed method  [45]  it is in a vertical position. 
Figures  15.9  and  15.10  show schematics of the reactor setups for the fixed and flu-
idic bed methods, respectively.   

 Production volumes of CNTs in a fixed-bed reactor process are less than in the 
fluidized bed reactor. This is due to the fact that larger amounts of catalyst with 
respect to the surface area of the quartz boat would only increase the bed depth in 
a fluidized bed reactor. Thus, catalyst powders residing at the bottom of the quartz 

  Fig. 15.9    Redrawn schematic of the chemical vapor deposition (CVD) reactor for the fixed-bed 
method. Both MWCNTs and SWCNTs of diameters ranging from 0.8 to 40 nm can be synthesized 
 [45]        

  Fig. 15.10    Redrawn CVD reactor setup for the fluidized bed method. Using this technique, 
MWCNTs of diameter varying from 3 to 50 nm are synthesized  [45]        
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boat face diffusion limitations that thereby lower the overall activity of the catalyst. 
The different parameters affecting the growth of CNTs have been summarized. It 
has been demonstrated by Kathyayini et al.  [46]  and Zeng et al.  [47]  that there is 
an increase in production of the CNTs, by using the same amount of catalyst on 
larger contact areas compared with a contact area reduced by half. This is due to 
the fact that reaction of gases occurs on a larger surface area in the prior case, 
whereas in a fluidized bed reactor due to continuous mixing there is an increase in 
reactive surface area and hence there is a large-scale production of CNTs. There is 
an elimination of diffusion limitation in the fluidized bed reactor method, and in 
addition, if the vertical reactor is used the flow rate of the process gas below the 
fluidized velocity can be achieved that in turn reduces the fluidic effects.  

  15.8.3.3 Classification Based on Growth Mechanism 

 The classification is based on the metal catalyst nanoparticle that is located either 
at the tip or at the base of CNTs. It depends upon the bulk/surface diffusion and also 
the interactive strength between the metal catalyst and the base substrate surface. 
The tip-growth mechanism is recognized due to weak catalyst–substrate interac-
tions, i.e., low interfacial energy, while the base-growth mechanism is recognized 
due to strong interactions  [48] . It has been demonstrated that there is a base growth 
mode between Fe metal nanoparticles and alumina substrates due to strong bonding 
between them. Figure  15.11  represents the growth model of CNTs. In addition to 
the earlier defined parameter, the growth mechanism is also dependent on the reac-
tion temperature as previously discussed in Sect. 15.8.3.   

  15.8.3.4 Classification Based on Type of CNTs Synthesized 

 Both types of CNTs, i.e., SWCNT and MWCNT can be grown using the CVD 
method. Temperature has a strong influence on the formation of specific types of 
CNTs: SWCNTs and MWCNTs in this process. MWCNTs are generally observed 

  Fig. 15.11    Redrawn figure showing the growth mechanism, base growth, and tip growth  [48]        
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at moderate temperatures (those between 500 and 800°C), while SWCNTs tend to 
be observed at higher temperatures (>800°C). Also, size of the metal catalyst deter-
mines the nature of CNTs grown. 

 Table  15.1  shows the comparison between most of the common techniques used 
for the production of CNTs. The table describes the advantages and disadvantages 
between arc discharge, laser ablation, and CVD methods.        

  15.9 Vapor–Liquid–Solid (VLS) – CVD Method  

 In this technique, the nanoparticle catalyst is used as a vapor–liquid–solid (VLS) 
growth catalyst for the synthesis of CNTs. Uchino et al. demonstrated that the 
Germanium (Ge) nanoparticle can act as a seed for vapor–liquid growth of CNTs 
 [13] . Using Raman measurement, SWCNTs were identified, and diameter ranges 
from ∼1.6–2.1 nm. It has been noted that unlike metal catalyst nanoparticles there 
was no reduction in the melting temperature of Ge nanoparticles. Not much detailed 
study or research has been conducted to analyze the effect of different parameters 
on the growth of CNTs in this technique, and further investigation is required for 
better understanding of it.      

 Table 15.1    Comparison between arc discharge, laser ablation, and CVD techniques  

 Methods  Arc discharge  Laser ablation  CVD 

 Pioneer  Iijima  (1991)   Guo et al.  (1995)   Yacaman et al. (1993) 

 Methods  CNTs synthesized on 
the graphite rod 
by direct current 
arc evaporation 
in the presence of 
inert gas 

 Evaporation of grap
hite metal using 
laser ablation on 
the metal transition 
target 

 Deposition of hydrocar-
bon onto the metal 
transition target 
in the presence of 
process gas 

 Type of CNTs grown  Both MWCNTs and 
SWCNTs 

 Only SWCNTs  Both MWCNTs and 
SWCNTs 

 Percent yields  <75%  <75%  >75% 

 Optimal temperature  >3,000°C  >3,000°C  >1,200°C 

 Optimal pressure  50–7,600 Torr (gen-
erally under 
vacuum) 

 200–750 Torr  760–7,600 Torr (gener-
ally at atmospheric 
pressure) 

 Advantage  Simple, inexpensive; 
High-quality 
CNTs produced 

 Relatively high qual-
ity of SWCNTs at 
room temperature 

 Large-scale CNTs are 
produced using 
FDCVD technique 

 Disadvantage  Requires high temper-
ature and cannot 
be scaled up 

 Expensive technique; 
not good for large-
scale CNT 
production 

 Quality of CNTs is not 
as good 
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   Chapter 16   
 Characteristics of Carbon Nanotubes 
for Nanoelectronic Device Applications       

     Vindhya   Kunduru(*ü )        Yamini   Yadav,    and    Shalini   Prasad       

  16.1 Introduction  

 Carbon has the incredible ability to combine with itself in varied proportions to 
form molecules of distinctly disparate physical structures. The evolution of modern 
organic chemistry began with the growing interest amongst scientists to experiment 
with carbon clusters formed during synthesis of carbon compounds. These studies 
on carbon-related compounds began with the support of rigid understanding of a 
common form of carbon–graphite. Carbon molecule C 

60
  which was discovered in 

trace amounts in the carbon clusters was a soccer-shaped fullerene molecule which 
had 60 carbon atoms arranged in a way that each atom was placed at a vertex of a 
truncated icosahedron  [1] . The discovery of Kratschmer et al. to produce C 

60
  in bulk 

served as a platform for extensive study on carbon-related molecules by scientists, 
chemists, and material science experts all over the world. 

 Significant findings were not recorded until Iijima  [2] , an electron micro-
scopist from NEC Laboratories, Japan discovered tubular fullerenes in the cath-
ode of an arc evaporation chamber. The procedure of arc evaporation resulted in 
mass production of high-quality carbon nanotubes (CNTs)  [3] . A whole new era 
of CNT research began after Iijima published his first paper on CNTs – “Helical 
microtubules of graphitic carbon” in 1992. Pictorially, one can understand the 
structure of the CNT to be a more like an elongated fullerene molecule with half 
a bucky ball capped at either end to form a capsule-like carbon enclosure. Figure 
 16.1  shows a schematic 3D representation of a single-walled carbon nanotube. 
(Note that the image depicts the morphology of a single-walled carbon nanotube 
in a rudimentary fashion and does not incorporate the hexagonal building blocks 
of a nanotube.)  

 Scanning tunneling microscopy studies have provided strong evidence that CNTs 
occur in varied chiral configurations  [4]  and layers  [2] . Atomic force microscopy 
studies have brought to light the amazing mechanical  [5]  and electrical  properties  [6]  
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that CNTs exhibit. CNTs can be classified into two major types based on their layer 
properties – single-walled carbon nanotubes (SWCNTs) and multiwalled carbon 
nanotubes (MWCNTs). Though there are both catalytic and noncatalytic methods 
to synthesize CNTs, the noncatalytic method of arc evaporation is popular not only 
for its high quality and bulk production of CNTs, but also because the principle 
behind this mechanism is better understood than the other techniques. 

 SWCNTs promise a great future for the stream of “carbon nanotechnology” 
owing to their large surface area, high aspect ratios, and a good capacity for func-
tionalization. SWCNTs have been used mostly by the electronic industry to 
replace interconnect networks with molecular quantum wires  [7] , which demon-
strate high conductivity. Recent advancements in the field of transistors have 
proved that SWCNT-based field effect transistors (FETs) exhibit good device 
characteristics like high gain, good switching speeds and prove fully operational 
at room temperature  [8] . 

 MWCNTs, reinforced with more outer layers, are morphologically different 
from SWCNTs. Electron transport cannot be counted as one-dimensional conduc-
tion since there are many atomic layers of graphite surrounding the innermost cyl-
inder as seen in Fig.  16.2 . Most atomic force microscopy techniques involve using 
MWCNTs to conduct studies on their tensile and elastic properties  [9 ,  10] . Such 
studies related to the mechanical properties of MWCNTs have resulted in several 
constructive applications in industrial commercialization of consumer products. 
MWCNTs are used as strengthening fiber materials and as field emission tips in 
scanning probe microscopes.  

 Finally, in summary, the properties of CNTs are determined by their synthe-
sis methods and this in turn determines their applicability. Described below are 
the various ways in which CNTs can be classified based on their structural and 
electrical properties.  

  Fig. 16.1    3D representation of an SWCNT with 
half a fullerene molecule on each end       

X

Z

Y

Morris_Ch16.indd   346Morris_Ch16.indd   346 9/29/2008   8:09:04 PM9/29/2008   8:09:04 PM



16 Characteristics of Carbon Nanotubes for Nanoelectronic Device Applications 347

  16.2 Classification of Carbon Nanotubes  

  16.2.1 Classification Based on Layer Properties 

 CNTs can be classified mainly based on the number of layers which comprises 
each tubule. 

 Experimental observations on MWCNTs are more conclusive amongst research-
ers than that on SWCNTs. This is owing to the fact that MWCNTs were discovered 
earlier than SWCNTs. Studies and research data on SWCNTs are more recent and 
are relatively more conceptual than experimental. Figure  16.3  depicts schematically 
an ensemble of the various types of CNTs based on the number of layers each is 
composed of.  

  16.2.1.1 Multiwalled Carbon Nanotubes 

 MWCNTs are composed of concentric cylinders of varying diameters. They were 
first discovered occurring in bundles and with various other graphitic structures 
occurring in the cathodic soot inside the arc discharge chamber and as hard graphitic 
deposit on the electrode. The very first observation made by Iijima  [2]  showed that 
each layer was separated by a distance of 0.34 nm. This high-resolution TEM data 
showed that the outermost diameter of the cylinder ranged from being 2.5 nm to about 
30 nm, with lengths of the nanotubes roughly occurring between a few nanometers 
and several micrometers. 

 Most MWCNTs did not retain their original number of layers all along their lengths. 
The reason behind this reduction in the number of concentric cylinders is that the inner-
most layer walls begin to fuse after a certain length along the length of the nanotube. 

  Fig. 16.2    3D representation of an MWCNT 
composing of five concentric cylinders, i.e., 
 N  = 5       
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This effectively capped the central cores of the nanotube resulting in an appearance 
of a reduced number of layers. Cap terminations occur in different shapes, which can 
be revealed by high-resolution transmission electron microscopy. 

 A schematic representation of MWCNT capping is shown in Fig.  16.4 .   

  16.2.1.2 Double-Walled Carbon Nanotubes 

 Although double-walled carbon nanotubes (DWCNTs) can be classified as a subclass 
of MWCNTs, their behavior is mostly like that of SWCNTs. Their double-walled 
nature, however, gives them special electrical, chemical, and mechanical properties 
making them unique to certain applications. DWCNTs can be analogous to coaxial 
cables. The outer cladding of the coaxial cable provides insulation to the inner core. 
In the same way, the outer tube of the DWCNT protects the inner tube from 

  Fig. 16.4    Capping in longitudinal cross sections of MWCNTs: ( a ) MWCNT with  N  = 3 reducing 
to  N  = 2 after capping and ( b ) MWCNT with  N  = 9 having several caps reducing  N  = 6       

Asymmetric polyhedral cap

a b

Symmetric polyhedral cap 

Symmetrical flat cap 

  Fig. 16.3    Cross-sectional views of CNTs depicting layer properties, where  N  represents the 
number of layers of each CNT: ( a ) SWCNT, ( b ) double-walled CNT, ( c ) MWCNT with four 
layers, and ( d ) MWCNT with five layers       

N=1

a b c d

N=2 N=4 N=5
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environmental elements, thus maintaining its purity. In other words, the outer wall 
provides an interface with the outer electrical or gaseous experimental systems 
without affecting the inner core. The outer tube can also be used as a good host to 
functional groups, thereby making the outer shell a good functionalization surface 
while preserving the inner tube mainly for electron transportation purposes. 

 DWCNTs are being explored for possibilities of using them as molecular bearings 
and cylindrical molecular capacitors  [11] . Many research groups have investigated 
further into the electronic and structural properties of DWCNTs and have discov-
ered that “electron-libration” coupling in certain types of DWCNTs can be utilized 
as a potential possibility for achieving superconductivity in MWCNTs  [12] . A 
cross-sectional view of a typical DWCNT has been shown in Fig.  16.3b .  

  16.2.1.3 Single-Walled Carbon Nanotubes 

 As indicated earlier, SWCNTs were discovered after MWCNTs and only after much 
study did certain research teams announce the synthesis of such structures. The very 
first SWCNTs were produced by two independent groups, which included Iijima 
from NEC and Donald Bethune from IBM, CA. The initial SWCNTs  produced were 
either twisted or curled rather than straight and tube-like. With diameters of only 1 
nm, they were also composed of several particles of carbon debris. Intense research 
on SWCNT synthesis has led to better quality yields presently. SWCNTs tend to 
frequently occur in arrays or tightly packed bundles. However, Bethune et al.  [13]  
have significant findings of SWCNTs occurring independently. Most studies specu-
lated the diameters of SWCNTs to be mostly circular. Ruoff and his team  [14]  
observed that sometimes the cylindrical symmetry of the CNTs gets flattened out by 
the adjacent tubes due to van der Waals forces between the individual tube walls. 
High-resolution transmission electron microscopy images indicate that these defor-
mations occur along the contact area over the walls between two SWCNTs. Another 
group from IBM, New York has supported its findings on the effect of van der Waals 
forces on SWCNTs which are lying on a substrate. Their studies signify that van der 
Waals forces on the walls of SWCNTs resting on a substrate cause radial and axial 
deformations, modifying the overall geometry of each nanotube. Such deformation 
of the SWCNTs may have further implications on the electrical properties of 
adsorbed nanotubes. 

 A cross-sectional view of a typical SWCNT is depicted schematically in Fig.  16.3a .   

  16.2.2 Classification Based on Chirality 

 CNTs are made of graphene sheets in which carbon atoms form a perfect ensemble 
very similar in structure to a chicken wire with carbon atoms occupying the vertices 
of the hexagonal unit cells. Considering the structure of an individual SWCNT as 
an ideal model, one can imagine its structure as a graphene sheet rolled up end to 
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end to form a seamless tube, capped with hemispherical halves of a C 
60

  fullerene 
molecule. While trying to understand the meaning of chirality, we neglect the caps 
of the nanotubes and assume that the tube length is much greater than the diameter. 
Chirality defines exactly how much twist is present in the graphene sheet when it 
is wrapped with respect to the axis of the tube. In other words, chirality depends on 
the amount of twist introduced with respect to the axis of the tube when rolling up 
the graphene sheet. 

 The “chiral vector” can calculate the chirality for each tube. A brief explanation 
is provided along with a few illustrations to understand the procedure to calculate 
the chiral vector of an ideal SWCNT. Here, it is assumed that a defect-free graphene 
sheet, which makes up the SWCNT under examination, is spread to represent a 2D 
lattice structure. The lattice comprises of hexagonal unit cells, which are fused such 
that the combination results in a sheet. 

 With reference to the book by Dresselhaus et al.  [15] , chirality vector defines the 
structure of any type of tube and is labeled  C : 

     
C na ma= +1 2 ,

  
(16.1)

 

where  a  
1
  and  a  

2
  are the unit cell base vectors of the graphene sheet and  n  and  m  are 

the chiral indices,  n  >  m . When the graphene sheet is wrapped, the ends of the chiral 
vector meet each other with the sheet forming the walls of the cylinder. Therefore, 
the chiral vector forms the circumference of a circular cross section of an 
SWCNT. 

 Different values of chiral indices can depict different types of twists in CNTs. 
The various types of chirality are discussed further and are furnished with illustra-
tions. The type of chirality determines the electrical nature of CNTs. Further reading 
on the electrical properties of CNTs is provided in Sect.  16.2.3 . 

  16.2.2.1 Armchair 

 The chiral indices  n  and  m  of an armchair SWCNT are always equal to each other, 
i.e.,  n  =  m  for all armchair structures. A schematic representation in Fig.  16.5  depicts 
a 2D graphene lattice which when wrapped with a definite chiral angle produces an 
armchair SWCNT. Figure  16.5 , which is adapted from Dr. Harris’ “Carbon nano-
tubes and related structures,” depicts the armchair structure of a CNT. The rectangular 
box gives an idea about the orientation of the unit cells when the 2D graphene sheet 
is rolled along the longer side of the box as the axis of the cylinder.   

  16.2.2.2 Zigzag 

 The chiral index  m  of an armchair SWCNT is always equal to zero, i.e.,  m  = 0 for 
all zigzag structures. A schematic representation in Fig.  16.6  depicts a 2D graphene 
lattice which when wrapped with a definite chiral angle produces a zigzag SWCNT. 
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The figure is adapted from Dr. Peter Harris’ “Carbon nanotubes and related struc-
tures” and depicts the zigzag structure of a CNT when rolled up along the rectan-
gular box as the axis.   

  16.2.2.3 Chiral 

 All other SWCNTs that are neither armchair nor zigzag are invariably chiral in 
nature. Any lattice pattern, which does not appear to have a mirror image, can be 
called a  chiral CNT . Here, the hexagonal unit cells of the graphene sheet are 
wrapped such that they twist helically around the axis of the nanotube. Such 
uniqueness in its twist angle gives chiral nanotube very different electrical proper-
ties from its counterparts.   

  Fig. 16.5    Unit cells of an armchair SWCNT structure       

Arm chair structure

  Fig. 16.6    Unit cells of a zigzag SWCNT structure       

Zig-zag Structure
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  16.2.3 Classification Based on Electrical Properties 

  16.2.3.1 Electrical Properties of MWCNT 

 Studies by Saito et al.  [16]  reveal interesting electrical behavior of DWCNTs. It was 
observed that two SWCNTs of zigzag chirality, which are inherently metallic in 
nature, result in a double-walled coaxial CNT, also metallic in nature when an 
interlayer coupling force is introduced between the two concentric cylinders. 
Similarly, the same hypothesis holds good for semiconducting nanotube as well. 
Saito’s research team along with Fujita conducted further experiments with metal–
semiconducting and semiconducting–metal DWCNTs, predicting that such struc-
tures also retain their original electrical character when introduced to intertubule 
coupling forces. Such robustness of DWCNTs can lead to a hypothesis that they can 
be used as a coaxial cable with an inner conducting core and an outer insulating 
cladding as mentioned in Sect.  16.2.1 .  

  16.2.3.2 Electrical Properties of SWCNT 

 SWCNTs can be classified based on their mode of conduction. A summary is 
extracted from various studies involving SWCNT energy dispersion bands leading 
to theoretical conclusions about their electrical behavior and the same is provided 
in the next sections.  

  16.2.3.3 Metallic SWCNT 

 SWCNTs are monolayered in nature and hence do not suffer from electronic distor-
tions occurring as a result of intertubule interactions, unlike MWCNTs. There 
exists a degenerate point between the valence and conduction bands at the point 
where the two bands cross in a normal energy dispersion spectrum of an SWCNT 
 [17 – 19] . This existence of the degenerate point implies that the distance between 
the two bands is nearly zero, resulting in high conductivity. Hence, very low 
excitation energy is also sufficient to excite the electrons from the valence to the 
conduction bands. Hence, all armchair SWCNTs are theoretically anticipated to 
behave as metallic type nanotubes  [16] .  

  16.2.3.4 Semiconducting SWCNT 

 The semiconducting nature of an SWCNT is not as straightforward as that explained 
for their metallic behavior in Sect.  16.2.3 . If the same calculation procedures are 
carried out for determining SWCNT’s semiconducting properties, the results 
obtained are quite disparate. Studies have revealed that CNTs with different chiral 
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properties exhibit different electrical behaviors  [18 ,  20] . Consider two SWCNTs, 
both with zigzag chirality but having dissimilar chiral vectors (9, 0) and (10, 0). 
Observing the appearance of an energy gap in the energy dispersion band diagrams 
of a (10, 0) SWCNT, conclusions have been made that a (10, 0) SWCNT is semi-
conducting. On the contrary, a (9, 0) type SWCNT is predicted to exhibit metallic 
conducting properties.    

  16.3 Properties of Carbon Nanotubes  

 Their nanoscale size, unique structure, compositional elements, robustness, and 
immense surface area for functionalization are a few of the properties which give 
CNTs interesting prospects to be used in many varied applications. A brief idea 
about the different properties of CNTs is furnished further. 

  16.3.1 Electrical Properties 

 The electrical properties of CNTs are affected by their chirality and diameter as 
referred to in Sect.  16.2.3 . CNTs can occur as metallic or semiconducting nano-
tubes. Theoretically, nanotubes are highly conductive and can have an electron 
density around thousand times higher than metals like copper. Although they can 
have stable high current densities of  J  > 10 7  A cm −2   [21] , CNTs have a constant 
resistivity. Phaedon Avouris, a nanotube researcher at the IBM labs, also stated in 
one of his lectures that electron density can be pushed to a maximum of 10 13  
A cm −2 . Owing to its nanoscale dimensions, a nanotube can be thought of as a 
quantum wire, through which electron transport happens ballistically. 

 Sanvito and his research team  [22]  from the School of Physics and Chemistry, 
UK conducted experiments on MWCNTs using a scattering technique. Their 
findings provided significant proof which explained the reason behind observing 
unexpected integer and noninteger conductance values in MWCNTs. They elabo-
rate on how the intertubule interactions block some of the quantum conductance 
channels in MWCNTs and redistribute the current nonuniformity over the indi-
vidual tubes across the nanotube structure, thus giving rise to quantized conduct-
ance. Trygve et al. from Harvard University conducted experiments where 
“counting” atoms were possible using an SWCNT-based atom detector. Counting 
rates of 10 4  ions s −1  were achieved using a 5-µm long SWCNT. The capture of 
individual atoms occurred in quantized steps as seen in Fig.  16.7 . The sharp steps 
resulted from the angular momentum quantization of the atoms, which are 
attracted toward the quantum wire. The steps observed in the “angular momen-
tum quantum ladder” (see Fig.  16.7 ) demonstrate quantized conductance for a 
neural polarizable particle system.   

Morris_Ch16.indd   353Morris_Ch16.indd   353 9/29/2008   8:09:05 PM9/29/2008   8:09:05 PM



354 V. Kunduru et al.

  16.3.2 Mechanical Properties 

 Experiments and intense research on CNTs have proved that they are stiffer than 
steel and are extremely flexible. They are very robust and can resist damage from 
external factors of the surrounding environment. Scanning probe microscopy stud-
ies have proved that they are very elastic since they regain their original structure 
after the stress is removed. Several research teams conducted experiments to obtain 
the values of Young’s modulus and tensile strength of CNTs. A collection of such 
data is provided in Table  16.1 . The graph in Fig.  16.8  compares Young’s modulus 
values of different nanomaterials .     

 Other groups like Wong et al. performed interesting atomic force microscopy 
techniques to determine the Young’s modulus of MWCNTs. The factor responsible 
for the elastic modulus of MWCNTs and SWCNTs is still being studied because of 

  Fig. 16.7    Graph adapted from Ristroph et al.  [23]   depicting quantized conductance in CNTs       
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 Table 16.1    Comparison of mechanical strengths of CNTs and common building materials 
(Applied Nanotech, Inc.)  

 Material  Young’s modulus (GPa)  Tensile strength (GPa) 

 Single-wall nanotube  1,054  150 
 Multiwall nanotube  1,200  150 
 Steel  208  0.4 
 Epoxy  3.5  0.005 
 Wood  16  0.008 
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controversies in theories proposed by different research teams. While some think it 
is the diameter and the shape of the MWCNT, which determines its elasticity, a few 
others claim that it is due to the disorder between the many layers of the MWCNT.  

  16.3.3 Thermal Properties 

 Common results exhibited by graphite when exposed to temperature conditions 
must be in a way similar to the kind of behavior CNTs will probably exhibit when 
subjected to the same conditions. However, since tube diameter in a CNT is orders 
of magnitude lesser than that of a unit crystal of graphite, the thermal behavior of 
CNT is much different. In addition, there is increased stress induced in the CNT 
walls due to the increased curvature of the tube as compared to that of planar graphite. 
Such stress factors tend to affect thermal properties of CNTs as well. Most researchers 
believe that thermal properties of CNTs depend upon the amount of current passing 
through it. Che and his team  [24]  theoretically deduced the thermal conductance of 
a zigzag (10, 10) CNT. Thermal conductance for such a CNT was found to be 2,980 
W mK −1 . Berber and his team  [25] , however, provided experimental results support-
ing the thermal conductivity of a (10, 10) nanotube to approach 6,600 W mK −1  as 
the current applied to it is increased. A recent publication by Hone et al.  [26]  shows 
that the conductivity of CNTs is large even in bulk samples, whereas aligned bun-
dles of SWCNTs show a thermal conductivity of over 200 W mK −1  at room 
temperature.  
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Fig. 16.8 Relative strengths of various nanomaterials in comparison with SWCNTs
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  16.3.4 Chemical Properties 

 The open ends of a CNT are very susceptible to chemical agents and are mostly 
versatile to much number of functional groups. Functionalizing them with different 
chemical groups to suit certain unique applications can also chemically modify the 
walls of a CNT. Properties like a high surface area for functionalization give them 
important applicability in sensor devices and electrochemical device applications. 
Prof. Kwanwoo Shin from Sogang University in Korea and his team have been 
conducting experiments to study the effects of high intensity radiation on CNT-
based electronic devices like transistor networks.   

  16.4 Applications  

 Researchers have proposed many plausible applications for CNTs ever since their 
discovery a decade ago. Although applications like hydrogen storage still remain 
debatable, most applications have revolutionized certain sectors of the IC in the 
industry. Their high current carrying capacity, high thermal conductivity, and 
mechanical stability make them good interconnect material in electrical circuits. 
CNTs are qualified to be used as carbon composites for strength enhancement in 
fabrics and building material. Common sports equipments like golf balls, baseball 
bats, and tennis racquets are made lighter and stronger by integrating them with 
CNTs. Scientists have also proposed the probable usage of CNTs while building 
space elevators. Rapid advancements have been achieved in manufacturing field 
emission displays with CNTs. Properties like sharp geometry, mechanical strength, 
and electrical conductivity have been exploited to make AFM and STM tips 
mounted with CNTs improving resolution drastically. One of the most fascinating 
applications lies in implementing CNTs in making sensors. 

  16.4.1 Sensors 

 Nanomaterial-based sensor systems of the future will radically improve in their 
sensitivity, selectivity, and rapid response criteria. These new age detector sys-
tems equipped with better control and cross-examination features will be not only 
capable of single molecule detection but also multiplexed detection of diverse 
signals necessary for diagnosing various analytes. CNTs are being used as 
chemical, gas, and biological sensors. The main advantage behind CNT-based 
sensors is the miniscule amounts of sensing material needed and an equally small 
amount needed for the purpose of sensing. Although most CNT sensor devices 
use the same sensing material, they differ in their sensing mechanisms and detection 
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schemes. While some sensing mechanisms depend on mechanical properties of 
CNTs, others rely on their electronic transportation processes. Detection schemes, 
on the other hand, can vary from being optical or mechanical to observing varia-
tions in the overall frequency response of the sensor device. Although optical 
detection schemes are still evolving, electrical detection is more desirable due to 
its increased reliability. The electronic industry has incorporated CNTs while 
manufacturing semiconductor devices. Such CNT amalgams have been used as 
sensing material for various sensor applications. Most commonly, an interdisci-
plinary team of researchers is required to build sensors, since expertise in all 
sciences is required to develop a working sensor, which is commercially viable. 
The following sections provide a brief insight into a few state-of-the-art CNT-
based sensor systems. 

  16.4.1.1 CNTs as Biological Sensors 

 Current flow in one-dimensional structures like CNTs is extremely sensitive to even 
the slightest changes occurring on its charge carrying outer surface. Hence, when 
biological analytes adsorb on the CNT walls, this binding event perturbs normal 
charge transport in the quantum wire. CNTs are thus an ideal sensor material for 
most applications. CNT-based biosensor is one of the most important applications 
of CNTs in real-life applications. These nanoscale sensing elements prove extremely 
sensitive and selective in many varied applications. Vast research is being conducted 
on CNTs to probe deeper into their applicability. CNTs have attracted attention for 
defense applications because of their ability to sense trace amounts of deadly bio-
logical agents and hence fight global terrorism. The cost of medical diagnostics and 
the time consumed for tiresome lab routines for diagnosis can be avoided by using 
nanomaterial-based sensors. Nanomonitors based on CNT sensing elements are 
being developed instead to hasten diagnosis. 

 Single molecule detectors using CNTs are being developed at the University of 
Illinois at Urbana-Champaign. Coated CNT-based sensors fluoresce when they 
come in contact with the target molecule and wavelength of such emissions is 
recorded to analyze the trapping of the target molecule. Sofia and Chaniotakis  [27]  
have developed an amperometric biological sensor with aligned MWCNTs on a 
platinum substrate. CNTs display a dual role in this sensor by acting as a good 
medium by providing large surface area for immobilization of functional groups 
and as a medium for electron conduction. 

 DNA sensors have been developed and are under extensive study due to their 
vast applicability in the field of forensic science, genetic engineering, and gene 
therapy. Cai et al.  [28]  functionalized MWCNTs with a carboxylic group for the 
detection of a specific hybridization. This MWCNT-based DNA sensor demon-
strated better charge transport characteristics and functionalization ability than an 
earlier model of a DNA sensor with carbon electrodes directly functionalized with 
oligonucleotides.  
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  16.4.1.2 CNT FETs Gas Sensors 

 Section  16.4.1  briefly illustrates a few methods developed by research teams to 
devise gas sensors. These methods involve using CNTs as either nanocomposites 
or single CNT-based sensor devices. Interest in producing CNT FET-based gas 
sensors is also rising since CNTs can act as excellent transducers owing to their 
large charge sensitive surface area. This property of high surface area makes CNT 
FETs sensitive to ambient environment, especially to oxygen and oxygen- containing 
compounds  [29 ,  30] . Research by Someya et al.  [31]   has shown that SWCNTs 
synthesized by chemical vapor deposition technique were used to fabricate FETs 
with channel lengths of 2.5 and 5 µm to detect alcoholic vapors. Detection is 
dependent on observing changes in the FET parameters like saturation current and 
threshold voltage, and this was achieved for a wide range of alcoholic vapors 
when the entire device is exposed to an alcoholic vapor environment. Most FETs 
suffer from a conductance limitation due to the Schottky barrier (SB) created in 
the CNT–metal interface. To overcome this current carrying limitation, Javey et 
al.  [32]  incorporated palladium on the sensor to interface with the SWCNTs. As a 
noble metal, palladium acts as a better wetting substance for the CNTs, thus reduc-
ing the charge barrier for electron conduction and improving current. CO 

2
  is a 

common gas, which is associated with most biological processes. Sensing CO 
2
  for 

domestic use is also important in many public access areas. Many researchers have 
undertaken research on CNT-based sensors already. However, a few research 
teams like Star et al.  [33]  constructed a CNT FET to detect CO 

2
 . They have 

reported the use of chemically functionalized CNTs with a specific recognition 
layer for CO 

2
  sensing. They employed a polymer-coating method for functional-

izing unlike other studies, to overcome modification of the physical properties of 
CNTs due to covalent bonding. 

 The following reading will provide information about more traditional CNT-
based semiconductor devices. It gives us an idea of devices, which the IC industry 
is trying to incorporate in the current technology either to improve certain fea-
tures of an existing technology or to devise an entirely new strain of technology, 
based on CNTs.    

  16.5 CNT with Single Junction  

  16.5.1 Schottky Diode (CNT–Metal Junction) 

 The contact formed at the metal–nanotube interface behaves as an electrical ohmic 
contact or as an active junction (Schottky diode). The nanotubes make several 
different types of contact to the metal; of these the configuration with side contact, 
where CNTs positioned on metal contact by weak van der Waals forces and end-bonded 
CNTs that are connected to the metal by covalent or metallic bonding, reduces 
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dimensionality. They have a strong effect on active device formation. Fermi level 
pinning plays an important role in formation of these devices. Figure  16.9  shows 
the two different types of CNT and metal contact by two different bonding 
mechanisms.  

  16.5.1.1 Fermi Level Pinning 

 The barrier height at the planar interface due to Fermi level pinning is independent 
of metal work function given by 

 f
b
 = E

c
 – E

F
,      (16.2) 

where  E  
c
  and  E  

F
  are the energy conduction band and Fermi level, respectively. 

 In addition, the energy band diagram indicates the negligible band bending char-
acteristics due to doping near the interface  [34] . 

 Now, considering the planar interface between metal and semiconductor, the 
barrier height that is dependent on the metal work function is given by 

 f
b0 

= X
m
 – X

s
,      (16.3) 

where  X  
m
  and  X  

s
  are the metal work function and semiconductor ionization poten-

tial, respectively. 
 However, there is a finite density of states at the metal–semiconductor interface 

inside the band gap of the semiconductor. These band gaps have a complex wave func-
tion that is called “metal-induced gap state” (MIGS). This wave decays exponentially 
into the semiconductor due to the boundary condition at the interface with the metal. 
Therefore, the induced charge at the interface due to MIGS creates a dipole ring or 
sheet at the interface. This charge changes the position of the Fermi level thereby rais-
ing or lowering the barrier where the charge near the  semiconductor surface vanishes, 
and MIGS controls both the turn-on voltage and the band bending of the device. The 
barrier height is independent of the metal/work function and is dependent on the 
pinned Fermi level deep inside the semiconductor energy band gap.  

  Fig. 16.9    Two types of nanotube/metal contacts: ( a ) CNT side contacted through the weak van 
der Waals adhesion and ( b ) CNT end bonded to the metal by covalent or metallic bonding 
(redrawn from  [34] )       
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  16.5.1.2 CNT Devices with Planar Interface 

 For CNTs with the planar interface, the charge is modeled by a dipole and is given by 

 s ( ) ( ) ,z D E E qz= − −
0 N F e   

(16.4) 

where  D  
0
  is the density due to MIGS, and  E  

N
  is the neutrality level which depends 

upon the atomic structure level which varies with  z  due to electrostatic potential.  E  
F
  

is the metal Fermi level and  z  is the distance from the metal–NT interface.  q  repre-
sents the average exponential decay value due to all the states in the band gap 
because of charge in the metal and due to MIGS at the interface. Léonard and 
Tersoff  [34]  demonstrated this in their work. 

 The barrier height is increased to 

 f
b
 = f 0

b
 + E

F
 – E

N
      

(16.5)
  

 In the schematic diagram  [34]  for the planar Schottky barrier, charge neutrality 
level is at the center of the semiconductor band gap and the metal Fermi level is 
located at the midgap. Figure  16.10  shows a schematic diagram of the CNT planar 
interface devices.   

  16.5.1.3 CNT Device with Round-Ended Interface 

 Round end-bonded contacts between CNTs and metal are similar to the traditional 
planar contact where the semiconductor ends at the metal. For studying the Fermi 
level pinning in this type of contact, it has to be taken into consideration that the 
MIGS is a dipole ring instead of a sheet. Therefore, it has an overall effect of  electrostatic 
potential and band bending. The electrostatic potential decays as the third power of 
the distance from a dipole ring  [35] . There is rapid exponential decay of potential 
that vanishes after few nanometers. Thus, as the barriers are a few nanometers in 
size, the electrons tunnel through them, with the result that Fermi level pinning has 
a less significant effect on the end-bonded CNT/metal contacts. In summary, it can 

  Fig. 16.10    CNT device that forms a Schottky bar-
rier at planar interface between CNT and metal by 
weak van der Waals force. The figure is redrawn 
from  [35]        
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be concluded that the type of contact produces different work functions that play an 
important role in device formation. The fabrication of the round end-bonded Schottky 
junction between CNTs and metal (Ti and Si) has been demonstrated  [36] .  

  16.5.1.4 Schottky vs. Ohmic Contact 

 The presence of Schottky barriers at these contacts gives a measure of temperature 
dependence of the current, where the current increases with the temperature. This 
is in contrast to ohmic contacts where the temperature dependence is opposite, i.e., 
the current decreases with an increase in temperature.   

  16.5.2 CNT-Based p–n Junction Diode 

 The p–n junction CNT diode shows rectification behavior, i.e., current–voltage 
characteristics with forward conduction and reverse blocking characteristics similar 
to the semiconductor diode. 

 For CNTs, the characteristics of the p–n junction depend on certain parameters: 
the dielectric constant of the material that it is embedded into, the doping fraction, 
 D ( E ,  z ) the CNT density at  z  position and  F ( E ), which is the Fermi function. This 
can be explained by ( 16.6 ), where the CNT charge density is given by 

     
s

e e
( ) ( , ) ( )z

e
f

e
D E z F E E= − ∫ d

  
(16.6)

 

and the density of states is given by 

 

D E z
a

RV

E

E eV z E
( , )

| |

( ( )) ( / )
,=

+ −

3

2
2

0
2 2p

g
    

(16.7)

 

where  R  is the CNT radius,  E  
g
  is the energy gap, and  V ( z ) is the electrostatic 

potential. 
 Based on these equations, it was determined that the same band bending charac-

teristics  [37]  are observed in planar p–n junction devices for different doping fractions. 
As the screening of coulomb interaction is ineffective in one-dimensional CNTs, 
the charge distribution curve logarithmically decays away from the junction. There 
is a need for adding continuous charge to avoid dropping potential and to maintain 
the potential constant away from the junction. This phenomenon occurs due to the 
electrostatic dipole rings, in contrast to the dipole sheet as seen in the planar 
devices, whereas, in a normal planar device there is a constant charge near the junc-
tion, which vanishes outside the depletion region. 
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 The same behavior is observed in a Schottky planar junction between metal and 
CNT. Figure  16.11  is redrawn showing the charge distribution at the interface of 
metal and CNT  [8] .  

 Figure  16.12  shows the depletion width of a CNT with respect to doping frac-
tion. As the doping fraction reduces, the depletion barrier decreases, thus creating 
tunneling effect due to the reduced barrier and giving rise to negative differential 
resistance devices  [38] .  

 The calculated  I–V  curve demonstrates a negative differential resistance curve 
plotted using ( 16.7 ). 

 The negative differential resistance is calculated by 

     
I

e

h
T E F E F E E= −∫

4 2

( )[ ( ) ( )] ,L R d
  

(16.8)
 

where  T ( E ) is the transmission probability across the junction and  F  
R
 ( E ) and  F  

L
 ( E ) 

are Fermi functions in the right and left leads, respectively. 

  Fig. 16.11    Redrawn diagram represents the charge distri-
bution from the electrode where there is a logarithmic 
decay away from the junction  [8]        

  Fig. 16.12    Figure redrawn shows the deple-
tion width for a CNT p–n junction of doping 
observed by Léonard and Tersoff  [37]  where 
the depletion width is directly related to the 
doping concentration       
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  16.5.2.1 p–n Junction Depending on Type of Doping 

 The doping is controlled by the introduction of dopant atoms and charge transfer 
by metallic electrodes and hence determines the device characteristics. There are 
two type of doping:

   1.    Electrostatic doping  
   2.    Chemical doping     

  p–n Junction: Electrostatic Doping 

 The electrostatic doped p–n junction shows an ideal device characteristic, whereas 
chemical doped shows electrical properties that result in the leaky behavior due to 
high doping concentration and abrupt junction formation. In this device, the gate 
voltage controls the doping strength. This is accomplished by fabricating two iden-
tical back gate electrodes  [39]  (Fig.  16.13  ).   

  p–n Junction: Chemically Doping 

 The rectifying p–n junction bipolar diodes are formed by modulated chemical 
doping of the CNTs  [40] . This is performed by catalytically patterning CNTs onto 
SiO 

2
 . The CNTs are formed as p-type due to an absorbed oxygen molecule from 

the atmosphere. The n-type CNT, on the other hand, is made by adding a 
poly(methyl methacrylate) (PMMA) layer on the first half p-type CNT, exposing 
the other half to potassium (K) dopant in vacuum. The potassium dopants are 
produced by electrical heating of the potassium source. The devices were fabricated 
by Dai et al.  [41]  in 2000. Figure  16.14  shows the layout diagram of this device.     

  Fig. 16.13    Electrostatically doped p–n junction CNT device using two identical back gate elec-
trodes (redrawn from  [39] )       
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  16.5.3 CNT Metal–Semiconducting Junction 

 Rectification diodes are formed by crossing metal and semiconductor CNTs  [42]  
and by the formation of a kink-shaped intramolecular junction  [43 ,  44] . The device 
characteristics of cross metal–semiconductor and intramolecular junction devices 
were demonstrated by McEuen et al.  [42]  and Yamada et al.  [43] , respectively. 

  16.5.3.1 CNT Crossed Metal–Semiconducting Junction 

 In the CNT crossed metal–semiconducting (MS) junction, rectification is shown as 
both the CNTs show the same graphene band structure thus having identical work 
functions. The metallic work function should align in between the band gap of the 
semiconducting CNT. Thus, in both the cases, the Fermi level is in the middle of the 
CNT band gap and is at the same energy as the Fermi level in a metallic tube. This 
leads to the presence of a Schottky barrier at the crossing point between the two CNTs. 
In addition, there is a barrier height approximately equal to half the band gap of the 
semiconductor CNT. This is due to barrier height associated with the depletion region. 
The nanoscale depletion region acts as a leaky tunneling barrier. The Schottky barrier 
in three-terminal MS junction devices offers a rectification to form a p–n junction 
Schottky metal–semiconductor diode. The device characteristic shows a nonlinear 
rectification behavior for metal–n-type semiconductor junction due to the Schottky 
barrier. Figure  16.15  shows the schematic representation of the device fabricated.   

  16.5.3.2 Intramolecular Metal–Semiconducting CNT Junction 

 The intramolecular semiconductor–metal junctions  [45]  are fabricated by introducing 
the pentagon and heptagon carbon ring defect pairs by mechanical deformation. 
The five to seven pair is placed onto the opposite side of the CNTs to have a large 
cap-like angle of curvature. A sharp kink of 40° was observed  [46] . The device 
characteristic is shown in Fig.  16.16 .  

Si back gate

SiO2p

D S

n

Potassium doping 

K   
PMMA 

  Fig. 16.14    Chemically doped p–n junction 
device (redrawn from  [41] )       
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 The junction formed causes the rectification behavior rather than the electrode con-
tact. The  I–V  characteristics are similar to the p–n junction diode at room temperature.    

  16.6 Field Effect Transistors  

 FETs  [47]  are generally fabricated using semiconducting CNTs. The nanoscale 
CNT-based FET shows different characteristics than the traditional microscale 
semiconductor-based FET. The CNTs are bridged between two electrodes and the 
Si substrate is used as a back gate, which controls the switching action for the tran-
sistor. The drain current vs. drain voltage characteristics are studied for the transistor. 
When the gate voltage is varied from negative to positive, the CNT conductance 
characteristics are modified from high to low. The transistors are classified based 
on the type of contact and the doping profile. 

  Fig. 16.15    Redrawn schematic diagram of metal–semiconducting CNT junction indicating for-
mation of three-terminal device  [42]        

  Fig. 16.16    Device characteristics of intramolecular MS CNT junction demonstrating ideal device 
characteristics similar to semiconductor diodes (redrawn from  [46] )       
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  16.6.1 Classification Depending on Types of Doping 

  16.6.1.1 Unipolar CNT Transistor (p-Type or n-Type) 

 The absorption of oxygen molecules onto CNTs results in the formation of p-type 
tubes. The transistors fabricated with these CNTs show unipolar p-type behavior. 
The transistor-doped holes show no electron transport at the high positive gate volt-
age, which results in a high Schottky barrier at the metal–semiconductor interface. 
This is due to the maximum Fermi level pinning near the valence band at the 
 nanotube–metal interface. The n-type CNT is very essential in complementary 
logic devices and circuits. The p-type CNT can be converted into n-type by doping 
the CNT surface chemically by alkali metal or by the simple method of annealing 
in vacuum and in an inert gas. The annealing modifies the Schottky barrier height 
at the contact due to adsorption of oxygen. In doping, barrier thickness is changed 
and there is a shift in the threshold voltage  [48] . 

 The figure observed by Avouris  [48]  shows the transfer characteristics produced 
by annealing and by doping the CNT with potassium metal. First, the n-type uni-
polar device is fabricated using thermal annealing and then oxygen is introduced at 
each step. It was observed that as the oxygen is increased, the current at the positive 
bias decreased and increased at the negative bias. 

 The behavior of the n-type transistor produced by potassium doping is different 
from annealing process. At low doping, there is shift in the curve toward the more 
negative bias voltage. The device does not show any ambipolar behavior as there is 
no significant current during the intermediate doping. During the high doping, there 
is an increase in the current flow in the device.  

  16.6.1.2 Ambipolar CNT Transistor 

 During the addition of oxygen, at an intermediate step, the transistor behaves as an 
ambipolar transistor. There is conduction of holes and electrons depending upon the 
gate bias. An ambipolar device  [30 ,  49]  is hole conducting (p-channel) when the gate 
bias is sufficiently negative and electron conducting (n-channel) when gate bias is 
sufficiently positive.   

  16.6.2 Classification Depending upon Type of Contact 

  16.6.2.1 CNT Transistor with Ohmic Contact 

 The CNT transistors are studied by taking zero-bias conductance into consideration. 
 The zero-bias conductance is given by 
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 The conductance characteristics and band bending curves are plotted by using 
the conductance equation by Léonard and Tersoff  [50] . 

 The plot shows three regions of interest. The traditional transistor behaves in 
only two regions, i.e., ON/OFF state, i.e., I and II region. At high negative bias 
voltage, the device exhibits high conductance. This corresponds to the ON state of 
the transistor. As the voltage is increased, the conductance drops to zero and the 
device turns into the OFF state. This is analogous to the conventional transistor. 
Region III is observed only in the CNT-based transistor and is a gate resonant tun-
neling effect. This is due to the tunneling through the localized states in the CNT 
with the coulomb blockade showing a negative differential resistance. 

 The band diagram explains the behavior of the transistor. At a low voltage, the 
metal work function is high and the Fermi level is below the valence band. Therefore, 
there is a hole transport in the channel without any barrier. Thus, the conductance is 
very high. As the gate voltage increases, the band is pulled down creating a barrier 
for hole transport, conductance drops to zero, and transistor is in OFF state. The third 
region shows interesting behavior. Gate voltage is increased; the conduction band is 
pulled down into the band gap creating an electrostatic quantum dot with a discrete 
localized state. The electron can tunnel through the quantum dot showing a sharp 
conductance peak at high voltage as explained earlier giving rise to strong negative 
differential resistance. 

 To summarize in both the conventional and the CNT FET, the current saturates 
due to an increase in the drain voltage. The saturation is due to “pinch-off” in 
normal transistors, whereas the current is limited by the number of carriers (holes 
or electrons) from the leads for CNT FETs. The presence of the resonating effect is 
observed only in the CNT transistor.  

  16.6.2.2 CNT Transistor with Schottky Contact 

 When the barrier is dominantly Schottky, the transistor operates as a SB transistor. 
The switching is due to the contact resistance rather than the channel conductance. 
There is also a significant change in band bending as compared to the ohmic 
contact transistor. The metal/nanotube contact and the applied voltage determine 
the performance of the Schottky CNT FET. 

 The band diagram shown by Avouris et al.  [51]  demonstrates sharp band bending 
near the contact due to the Schottky barrier instead of the observed CNT properties. 
Due to the sharp band bending, electrons can tunnel through it leading to a sharp 
increase in the current. In the ON state, the band is raised up and the hole carrier 
tunnels into the valence band due to the reduced tunneling distance. With the 
increase in gate voltage, the valence band is pulled down, creating a large tunnel 
barrier approximately equal to the channel length, making it impossible for the 
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holes to reach the other end of the contact, thus allowing the transistor to operate in 
the OFF state. Here, it is also observed that the metal Fermi level is at the center of 
the valence and the conductance bands, thus creating a large SB. This transistor 
therefore operates as a SB FET. If the SB is small, the device works as the normal 
conventional FET. The figure below shows the sharp increase in the conductance as 
the gate voltage is varied, indicating the presence of a Schottky barrier at the contact 
of the device. The Schottky contact-based CNT FET  [52 ,  53]  operates differently 
than conventional transistor and ohmic contact CNT FET.    

  16.7 CNT-Based Single Electron Transistors  

 The molecular quantum CNT wire-based transistors are known as  single electron 
transistors   [54] . They consist of conducting islands connected by tunneling barriers 
to two metallic electrodes. If the temperature and bias voltage are less than the 
energy required to add an electron to the island, the device is in the blocked state. 
It is generally observed only in ( n ,  n ) armchair metallic CNTs. The quasiperiodic 
series of sharp peaks are observed in the conductance vs. gate voltage curve. The 
device characteristics show coulomb blockade and also indicates the coulomb 
charging of CNTs when the contact resistance is larger than the quantum resistance 
 h / e  2  and the capacitance of the device is low enough to have significant charging 
energy due to the addition of a single electron. 

 The peak spacing is given by 

     ∆ ∆V U E eg = +( ) / ,a   (16.10) 

where  U  =  e  2 / C  is the coulomb charging energy for every single electron addition 
in the dot, ∆ E  is the single particle level spacing,  a  (= C  

g
 / C ) is the rate of change of 

electrostatic potential of the dot due to the change in applied back gate voltage, and 
 C  and  C  

g
  are the total capacitance of the dot and the capacitance between dot and 

back gate electrode, respectively. 
 The peak amplitude of an isolated peak is approximately equal to  e  2 / h , where  e  

and  h  are electron charge and Planck’s constant, respectively. The rationale for the 
SET characteristics is as follows in Fig.  16.17 .  

 The energy band diagram in Fig.  16.17  shows the relation of gate voltage  V  
g
  

and drain voltage  V . The dot filled with the  N  electrons and the energy separation of 
 U  + ∆ E  for adding the ( N  + 1)th electron to the excited single particle state. The above 
levels are evenly spaced with ∆ E . The high conductance coulomb blockade peak is 
due to the alignment of the Fermi level of the metal contact with the lowest empty 
energy state, thus allowing single electron tunneling through the dot at  V  = 0. The low 
conductance valley indicates suppression of electron tunneling due to the single elec-
tron charging energy  U . The voltage  V  dependence can be observed as the voltage  V  
is increased, the right-hand contact is pulled below the energy level of the highest 
electron filled state allowing an electron tunneling giving rise to a conductance peak. 
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With the additional increase in voltage  V , the contact is further pulled down below the 
highest filled state allowing additional electron tunneling from the additional state, 
resulting in generation of additional resonating peak conductance. It is also observed 
 [56]  that the height of the conductance peak is dependent on the temperature. There 
is reduction in height and broadening of the peak as the temperature is increased. The 
conductance peak is held constant with increasing  temperature if the density of the 
states is continuous as seen in the bulk semiconductor devices. 

 In summary, nanoelectronic devices using CNTs have more control and improve 
electrical characteristics over a normal operating condition. However, they show 
quick degradation outside the regular operating condition.  

  16.8 Integrated Device Fabrication  

  16.8.1 Nonvolatile Random Access Memory 

 Nonvolatile random access memory (NRAM)  [57]  is a high density electrostati-
cally switchable wire array memory module. The molecular-scale device structure 
consists of a crossbar array formed by groups of CNTs on the substrate and groups 
of perpendicular CNTs suspended on a periodic support array. The bistable ON/OFF 

−eVc
−eVc

U + DE  

DE

  Fig. 16.17    Redrawn  [55]  schematic energy diagram with the Coulomb model. The electron trans-
port indicated in the figure resulted into peaks in the conductance       
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principle at the crosspoints is related to the two minima observed on the total 
energy vs. distance curve. The total energy equation is given by 

     E E E ET vdW elas elec= + + ,    (16.11)

where  E  
T
  is the total energy of the single crossbar device element,  E  

vdW
  is the van 

der Waals energy (vdW),  E  
elas

  is the elastic energy, and  E  
elec

  is the electrostatic 
energy. The ON state is determined by the minimum (vdW) force observed due to 
contact between two CNTs and the OFF state is determined by the minimum elastic 
energy observed when the distance of separation is finite. Figure  16.18  shows the 
schematic diagram of the NRAM and Fig.  16.19  shows the total energy diagram at 
each crossbar junction element indicating the ON and OFF state.   

 In addition, there is a significant variation in the resistance value due to reversi-
ble switching under normal ambient conditions at room temperature. The resistance 
values associated with the device ON/OFF state are observed in Fig.  16.20 . The ON 
and OFF resistance is approximately 140 MΩ and 1.36 GΩ, respectively. The 

  Fig. 16.18    Redrawn schematic diagram shows the crossbar junction formation by the two sets of 
perpendicular CNTs  [57]        

  Fig. 16.19    Total energy vs. the distance of separation curves indicating the minimum energy for 
( a ) ON state and ( b ) OFF state (redrawn from  [57] )       
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resistance value is in the higher range (MΩ GΩ) due to the large contact resistance 
which is generally observed between the CNTs and the metal contact  [58] .  

 This NRAM module shows promise in the next-generation semiconductor electronic 
world. Rueckes et al. have a patent number 6706402 for the NRAM technology. It was 
developed at Nantero, Inc., Woburn, MA.   

  16.9 Limitations to Carbon Nanotube Technology  

 Nanotechnologists all over the world are exploring various aspects of research 
ranging from the fundamental material research to their applications. Nanotechnology 
thrives due to the extensive interest shown by both academia and industry. In this 
chapter, we have focused on one type of nanomaterials, i.e., CNTs. This material 
has ubiquitous applications in the current sociopolitical environment: it promises 
improvement in current defense applications like fighting biological agents and 
making traditional weapons more effective. Clinical diagnostics have experienced 
a large-scale makeover in most of its detection schemes, which are faster, multi-
plexed, portable, and more reliable. 

 CNT technology has also been receiving extensive attention in making cutting 
edge sensor technology (see Sect.  16.5.1 ) and semiconductor-based devices, but 
despite its numerous applications it suffers from a few drawbacks. Like most other 
nanomaterial-based device technologies, it faces the problem of interfacing the 
nanoscale sensor materials and macroscale measurement systems. Although CNTs 
have shown promising results with respect to their electrical properties, integrating 
them with realistic electric circuits remains a challenge owing to the difficulty in 
alignment of these nanoscale structures in the desired positions. A method to 
mass-produce CNTs has not been established yet and the current means to do so, 
involve using expensive manufacturing equipment. Synthesizing CNTs of prede-
termined diameters and chirality remains the biggest challenge of all. Microscopy 
equipment is not only uneconomical but also suffers from technical limitations 
since imaging requires expertise and involves cumbersome techniques to achieve 
perfection. High intensity electron/ion beams used in different electron microscopes 

  Fig. 16.20    ON/OFF resistance values due 
to reversible switching (redrawn from  [57] )       
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might burn out CNTs to form amorphous carbon while attempting to improve 
resolution. Transmission electron microscopy involves elaborate and difficult 
methods for sample preparation. It is capable of giving a good idea about the 
diameter of a CNT but can provide only limited data related to CNT chirality. 
Probing a single unidimensional wire like a CNT requires expertise and sometimes 
a good amount of fortune. Invasive techniques involving carbon-based nanoscale 
substances like CNTs for use in biological analytes have been believed to be hazardous 
to health of the living organism under examination. 

 Despite many disadvantages, fruitful research is being pursued with newer and 
better reasons to incorporate CNTs in most state-of-the-art nanoelectronic devices.  

  16.10 Nanopackaging  

 Producing reliable systems which maintain good signal integrity and are economy 
friendly are two important aspects for both the manufacturer and the buyer. The 
manufacturing industry thrives on making low voltage, high reliability, and high-
speed systems, which can be integrated with future devices. When such is the goal, 
as discussed in the previous sections, traditional sensor devices based on CNT 
 composites for gas detection and CNT arrays for biomolecular detection are highly 
sensitive to the agents under examination, even to the concentration levels of 1 ppb. 
Such sensitive systems behave quite differently under laboratory conditions. When 
being made commercially viable, however, care has to be taken that sensor systems 
are properly packaged to protect the sensor material from external contamination. 
Manufacturers need to take care of not only biological type of contaminants, but also 
electrical. Stray electric charges from other instruments or a static discharge from 
the person handling the device are also potential threats to unpackaged devices. The 
electronics linking the sensor element to the measurement systems must also be 
packaged well to avoid corruption in the sensitive signals that are exchanged 
between them. CNT-based semiconductor devices also require nanopackaging. 

 Nanopackaging for nanomaterial-based semiconductor devices is done in two 
levels: wafer packaging and system board level. Wafer level packaging uses nano-
materials to bring about improvements in the electrical, thermal, and mechanical 
properties in the chip to package interconnections. The advantages of wager level 
packaging are the small size and low cost of the product. These added benefits of 
wafer level packaging are because the package size is only a little more than the 
actual device itself and it costs less since all interconnections are done at this level 
in one parallel step. Such devices are also faster since there is reduced interconnect 
lengths. System level packaging, on the other hand, deals with packaging the entire 
device after wafer level packaging, to the various measurement systems. System 
level packaging requires matching of components and making compatibility possible 
between all kinds of measurement systems, thus making the device portable. 
Portability, however, brings with it the risk of contamination and damage to the 
device. Nanopackaging ensures both rigidity and resistance to contaminants.      
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   Chapter 17   
 Carbon Nanotubes for Thermal Management 
of Microsystems       

     Johan   Liu(*ü )     and    Teng   Wang        

  17.1 Introduction  

 One important function of electronic packaging is to remove the heat generated by 
the integrated circuits (ICs). Efficient cooling requires both high heat conduction 
within the package and efficient heat removal from the package. Elevated tempera-
ture is damaging to the chip and its package. Material mismatch causes mechanical 
stress leading to fatigue, creep and finally failure; interconnects can melt and elec-
tromigration within the IC is speeded up. Efficient heat removal is not always the 
case. Plastic is a common packaging material as it is electrically insulating and 
cheap. The thermal conductivity is, however, low, about 0.2 W m −1  K −1  compared 
with that of metals (aluminium 220 W m −1  K −1  and copper 400 W m −1  K −1 ). Other 
important factors are the heat spreading and thermal interface materials. The com-
ponents are often mounted on a polymer board which is only cooled by air. The heat 
transfer coefficient is only 5–15 W m −2  K −1  for natural convection and 15–250 W 
m −2  K −1  for forced convection in gases  [1] . 

 As electronic circuits grow denser and the power consumption per unit area 
increases, new more efficient technologies for heat removal are necessary. Heat 
fluxes from the IC on the order of 100 W cm −2  (1,000,000 W m −2 ) are not rare. 
A heat transfer coefficient (including a possible area enlarging factor) of 20,000 W 
m −2  K −1  is needed to accommodate a heat flux of 100 W cm −2  at a temperature dif-
ference of 50 K. The application of nanotechnologies is considered as a revolution-
ary approach to meet the tougher requirements for thermal management of 
microsystems (Fig.  17.1 ).  

 There are two possible approaches to improve the cooling of microelectronic 
packages. The first is to improve the thermal conductivity of the packaging material 
and package geometry, so that the thermal gradient within it becomes smaller. 
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The second is to improve the heat removal, i.e. increase the effect of the convective 
heat transfer, from the surface or from the inside of the package. Both approaches 
are discussed in this chapter. The first one is to make thermal interface materials 
(TIMs) by embedding carbon nanotubes (CNTs) or other nano-scale thermal con-
ductive particles in nano-fibres prepared by electrospinning. The second approach 
is to build microchannel coolers based on CNTs. A brief introduction to the physical 
background of heat transfer is also included in this chapter.  

  17.2 Physical Background  

 There exist three basic heat transfer mechanisms: conduction, convection and radia-
tion. In electronics, the first two mechanisms dominate, and consequently radiation 
is often neglected by engineers. Therefore, only conduction and convection are dis-
cussed in this section. 

  17.2.1 Conduction 

 Heat transfer by conduction  Q , over a certain area  A , depends on the thermal conductiv-
ity  k , of the material and the temperature gradient   ∇T  . The law of heat conduction 
is also known as Fourier’s law:

   Q = k∇TA.   (17.1)   

  Fig. 17.1    Model of the heat path in a component mounted with a heat sink on a PCB with a heat 
sink on the back       
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 In one dimension with temperature difference ∆ T  over distance  l ,
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 Heat transport in solids and fluids takes place via two effects: lattice vibration 
(phonons) and electron migration. Materials (metals) with high electrical conduc-
tivity are generally better thermal conductors as electrons are involved in the heat 
transfer. There is almost no transfer of electrons in insulators, so heat conduction 
must rely on lattice vibrations and is thus poorer. 

  17.2.1.1 Conduction in Composites 

 The denser and more uniform a material is the better its thermal conductivity. The 
conductivity of insulators is reduced by different types of phonon scattering processes. 
The scattering of phonons in composite materials is mainly due to acoustic mis-
match between filler and matrix  [2] . For a certain filler type and volume fraction, 
there are the following methods for increasing the thermal conductivity:

  •  Decreasing the number of thermally resistant junctions, e.g. by minimizing the 
number of polymer layers between fillers, for example by using larger filler 
particles  

 •  Forming conducting networks by suitable packing  
 •  Minimizing filler–matrix interfacial defects    

 Thermal conductivity can be estimated by the semi-empirical theory of Lewis 
and Nielsen  [3] . According to this theory, conduction of the composite is dependent 
on volume fraction and heat conduction of the filler, heat conduction of the matrix 
and the filler shape. The basic estimate for composites can be done according to 
Lewis–Nielsen theory by using the following formulae:
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where  f  
M

  is the maximum filler load and  A  is a parameter depending on particle 
shape. Both are given in tables for different geometries (empirical and theoretical 
values).  f  

F
  is the volume fraction filler and  k  

F
 ,  k  

M
  and  k  

C
  are the thermal conductivities 

of filler, matrix and composite, respectively. In this theory, rods or fibres increase 
the thermal conductivity more than spheres of the same thermal conductivity and 
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volume fraction. However, the theory does not explicitly take into account the size 
of particles or deal with more than two phases. Miloh and Benveniste  [4]  suggested 
a method for the estimation of effective thermal conductivity of three-phase com-
posites with ellipsoidal inclusions. 

 Based on the above, it is obvious that elongated and well-dispersed particles 
forming networks are necessary to produce composites with high thermal conduc-
tivity. Filler–matrix interfacial contact can be improved by surface treatment of the 
particles and addition of coupling agents  [5 – 7] . If untreated, the filler particles will 
form agglomerates in the epoxy matrix, so the particles are treated to render the 
surfaces hydrophobic. The coupling agent can also contain a functional group to 
form a chemical bond to the polymer.  

  17.2.1.2 Thermal Resistance 

 Thermal resistance  R  
th
  is a common way to define the cooling capabilities of a sys-

tem.  R  
th
  is analogous to electrical resistance with the temperature drop D T  as the 

driving force instead of electrical potential, and is defined as the temperature drop 
divided by the heat flow:

   
R

T

q

l

kAth = =
∆

.
   

(17.6)

   

 The cooling of electronic systems can be characterized by the thermal resistance 
between the heat source (the chip) and the ambient. The thermal resistance depends on 
the thickness, cross-sectional area and thermal conductivity of materials around the 
heat source and of the heat transfer coefficient  h , to surrounding fluid (e.g. air or liquid 
coolant). In contrast to thermal conductivity, which is an inherent material quality, 
thermal resistance is a geometry-dependent property specific for each system.   

  17.2.2 Convection 

 Heat transfer by convection occurs between a solid surface and adjacent moving 
fluid and consists of two mechanisms: random molecular motion (diffusion) and 
macroscopic bulk motion in the fluid. Closest to the surface, the velocity is zero due 
to interaction with the solid and from there it increases to the bulk velocity  v  ∞ . The 
same occurs for the temperature which changes from surface temperature  T  

s
  to the 

bulk temperature  T  ∞ . These regions are called boundary velocity layer and thermal 
boundary layers and do not need to be same size. 

 Convective heat transfer can be by either natural convection or forced convec-
tion. The cause for natural convection is the density difference in fluids due to tem-
perature variations. Forced convection is obtained by an external force that puts the 
fluid in motion. In electronics, this can, for example, be achieved with a fan for air 
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or pump for fluid. Convective heat transfer can also be classified according to the 
flow regime: laminar or turbulent. Laminar flow is characterized by low pressure 
drop, neglecting mixing. Laminar flow occurs at low flow rates and small dimen-
sions. When the flow velocity increases, the flow becomes unstable, vortices occur 
and at a certain point the fluid pattern changes to chaotic, i.e. turbulent. The pres-
sure drop will be much higher but the heat transfer within the fluid will also mix 
much better. In electronic systems with their small dimensions and low flow rates, 
laminar flow is usually the case and most engineering rules of thumb are built on 
this assumption. 

 To determine the flow regime, the Reynolds number can be used. The Reynolds 
number is a dimensionless number that describes the ratio of the kinematic and 
viscous forces in the fluid. At a certain Reynolds number, the flow will undergo a 
transition from laminar to turbulent. The value varies for different geometries. 
From the definition, we see that low dimensions lead to low numbers, which is 
taken advantage of in microfluidics. The Reynolds number is defined as

   
Re

vl vl
≡ =

υ η
r

.
   

(17.7)
   

 Laminar flow can be described by the Navier–Stokes equations, which describe 
how the velocities  v ,  u  and  w , in different direction, and pressure  p  are related. 

 The equations are the continuity equation
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and the momentum equations in the  x ,  y  and  z  directions:
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 These equations are a set of coupled differential equations and in practice are 
extremely difficult to solve analytically. Instead, computational fluid dynamics 
(CFD) is used to solve flow problems. For an incompressible, Newtonian fluid with 
uniform viscosity and small temperature differences, the system can be described 
by the continuity and momentum equations. If the flow is compressible, or if heat 
fluxes occur, at least one extra equation is required. 
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  17.2.2.1 Flow in Microchannels 

 The term ‘micro’ can be used for channels with hydraulic diameters of ten to 
several hundred micrometers. Fluid mechanics in microscopic scale is different 
from fluid mechanics at large scale. The Navier–Stokes equations and other models 
of fluid mechanics are based on the fact that the fluid can be treated as a contin-
uum. However, as the scale shrinks, the number of molecules in the system 
becomes fewer and a point is reached when each molecule has larger chance to 
interact with surrounding walls that with another molecule of its own kind. At 
this situation, it could be awkward to model the fluid as a continuum and it should 
rather be modelled as individual molecules. According to Nguyen  [8] , this limit 
for water is reached at about 10 nm. At very small scale and high shearing, the 
Newtonian behaviour of the fluid breaks down and the macroscopic non-slip 
boundary condition (velocity is zero at interface) between fluid and surface can-
not be used. According to Nguyen, this limit is reached well above the shear rates 
which were reached in the experimental setup. Recent experiments for circular 
and rectangular cross-section microchannels  [9 ,  10]  have shown that the transi-
tion from laminar to turbulent flows occurs at about same Reynolds number for 
flow at micro- and macroscales.    

  17.3 Nano-Thermal Interface Materials  

 Heat removal is crucial to the performance and reliability of microelectronic sys-
tems, as the heat generated by integrated circuits keeps increasing significantly. The 
objective of the present research work is to develop a new class of nano-thermal 
interface materials (nano-TIMs) using the electrospinning methodology by embedding 
nano-thermally conductive particles in nano-fibres to enhance heat removal 
between the chip and the heat sink/substrate  [11] . 

 Electrospinning is the process of subjecting a polymer solution to an electric field 
 [12 – 16] . The applied voltage breaks down the surface tension at the capillary tip 
(called Taylor’s cone) and as the charged solution moves in air, the solvents evaporate 
to produce nano-fibres on a collector. The electrospinning setup consists mainly of a 
high voltage source, a capillary tube, a needle and a collector (Fig.  17.2 ).  

 Nano-particles of silver, silicon carbide and multi-wall carbon nanotubes are 
added as thermal conductivity enhancement promoters. The developed nano-TIMs 
are soaked after spinning in some conducting liquids to enhance the thermal con-
ductivity and wetting performance. To determine the maximum temperature, the 
resins can withstand, differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA) have been utilized. 

 Figure  17.3  shows a SEM picture of a polymer resin nano-TIM. SEM pictures 
of nano-TIMs embedded with nano-silver particles and CNTs soaked in some con-
ducting fluids are shown in Fig.  17.4 .   
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  Fig. 17.2    Electrospinning setup       

  Fig. 17.3    SEM picture of nano-
TIMs with a polymer resin       

  Fig. 17.4    SEM pictures of nano-
TIMs embedded with nano-Ag ( a ) 
and CNTs ( b )       
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  Fig. 17.5    Nano-TIM material with adhesive function in the material       

  Table 17.1    Properties of nano-TIMs in comparison with commercial materials    

 Property  Unit 
 Commercial 
sample A 

 Commercial 
sample B 

 Nano-TIM with 
CNT soaked 
in a conducting 
liquid 

 Nano-TIM with 
silver soaked in 
a conducting 
fluid 

 Thermal 
conductivity 

 W m −1  K −1   4.0–5.2  4.4–6.5  0.72–4.33  1.02–2.73 

 Film thickness  µm  1,000  500  110  200 
 Thermal resistance  K W −1   0.9–1.2  0.35–0.55  0.66–0.11  0.93–0.35 
 Operating 

temperature 
 °C  50–140  50–140  50–120  40–130 

 Degradation 
temperature 

 °C  400–500  400–500  400  300 

 Maximum stress 
during break 

 MPa  0.09  0.22  0.55  0.45 

 Maximum strain 
during break 

 %  54.1  30.  15  600 

 E-module  MPa  0.17  0.75  3.44  0.08 
 Colour  Grey  Grey  Black  Grey 

 To enhance the adhesion strength of the nano-TIM to the substrate, adhesives are 
also jetted in the same process as the formation of the nano-TIM. An example of 
the nano-TIM with adhesive function is shown in Fig.  17.5 . By doing so, a com-
plete nano-TIM tape is formed.  
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 Table  17.1  summarizes the results for the various nano-TIMs in comparison with 
the two commercial samples, indicating that the nano-TIM with CNT and resin A 
can offer similar thermal conductivity, 3–9 times lower thermal resistivity, similar 
operation temperature range and degradation behaviour, 2–5 times better ultimate 
tensile strength and much higher Young’s modulus. For the nano-TIM with nano-Ag 
particles and resin B, similar thermal resistivity, temperature operation range and 
degradation behaviour as compared with the commercial samples were obtained, 
but the mechanical properties are about 10–20 times better in terms of ultimate 
tensile strength, and elasticity and Young’s modulus are about 50% to three times 
better. By adding more nano-silver particles into this TIM, it is believed that its 
thermal conductivity can be further improved.  

 In conclusion, nano-TIMs with various nano-particles have been manufactured 
using electrospinning. It is found that nano-particles can improve the heat transfer 
characteristics of the nano-TIMs. Such improvement depends on the quality and 
quantity of the nano-particles. Preliminary mechanical, thermal and degradation 
characterization of the nano-TIMs has shown that these materials can potentially 
offer better mechanical properties with equal or better thermal properties.  

  17.4 Microchannel Coolers Based on Carbon Nanotubes  

 The challenge of developing high-performance and low-complexity cooling solu-
tions for microelectronic systems is becoming a key factor as the overall power 
consumption of integrated circuits continuously rises, despite the drop of the supply 
voltage. Many investigations about microchannels have been undertaken in the past 
several decades, showing that extremely high rates of heat transfer can be obtained 
by applying microchannel structures  [17] . CNTs, a new form of carbon which can 
be described as rolled layers of graphite with 1–100 nm diameter  [18] , are a very 
ideal choice to make this kind of microchannel cooler due to many reasons. Firstly, 
well-structured CNTs are believed to have very high thermal conductivity based on 
theoretical predictions, although the experimental results vary dramatically in dif-
ferent references  [19 – 21]  for both single-walled and multi-walled nanotubes 
(SWNTs and MWNTs). If the unusually high thermal conductivity of CNTs can be 
achieved by a suitable synthesis process, the efficiency of the fins can be maxi-
mized, thus the total heat removal capability of the cooler can be promoted. 
Furthermore, CNTs can be grown directly on the surface of silicon and accurately 
according to pre-defined small-scale catalyst patterns normally transferred by 
standard photolithography processes. Therefore, micro-scale channels can be fabri-
cated, making the cooler very compact and efficient. CNTs also provide a possibil-
ity of low-cost bulk production with a potential compatibility with standard CMOS 
technology  [22] . 

 This section briefly introduces the latest research work on using CNTs to build 
microcoolers  [23 – 25] , as well as supporting simulation work  [26] . 
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 The overall manufacturing procedure of this CNT microcooler is illustrated in 
Fig.  17.6 . The catalyst pattern is firstly transferred to the silicon substrate by pho-
tolithography and evaporation, and a lift-off process. The catalyst used in this 
application is iron and its thickness is roughly 1 nm. By using thermal chemical 
vapour deposition (TCVD), CNTs are then grown on the catalyst patterns, forming 
the fins of the microcooler. The growth temperature is about 750°C. The silicon 
substrate carrying CNT fins is then bonded with a lid to finish an entire cooler.  

 CNT microcoolers of different patterns and dimensions have been success-
fully manufactured. Figure  17.7  shows the SEM images of a CNT cooler with 

  Fig. 17.6    Overall manufacturing 
process of carbon nanotube micro-
coolers       

  Fig. 17.7    SEM images of a carbon nanotube microcooler       
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50-µm wide channels and fins. The height of the fins is roughly 300 µm. Each 
fin contains numerous vertically aligned CNTs bunched together. The overall 
quality of the coolers is quite acceptable in terms of the uniformity and tube 
density of the fins.  

 The measurement was performed by using a power film resistor which can 
generate up to 30-W power as the heat source. The coolers are mounted on the 
exposed ceramic heat-dissipating surface of the resistor. No heat transfer paste is 
applied. The coolers are connected to plastic tubes on both ports and water proof 
tape seals the connections to prevent leakage of water. A micropump which can 
deliver up to 500 ml min −1  flow rate provides a continuous, stable and controllable 
water flow through the channels of the coolers. The temperature of the resistor is 
obtained by a thermocouple glued on the heat dissipation surface of the transistor. 

 A CNT microchannel cooler, a silicon microchannel cooler and a silicon cooler 
without fins, which are of similar dimensions, have been tested and compared under 
the same experimental conditions. The initial measurement results show that the 
cooling efficiencies of CNT and silicon microchannel coolers are roughly at the 
same level and much higher than that of the silicon cooler without fins. 

 Based on the initial experimental configuration, the power transferred from the 
heat source to the cooler cannot be measured or calculated precisely because an 
unknown portion of heat is dissipated by natural air convection. There are also 
some considerable thermal resistances existing between the resistor and the cooler, 
making accurate calculation more difficult. Therefore, some new coolers with heat 
resistors directly integrated onto the backside of the cooler have been designed and 
fabricated. The resistors are made of copper and formed in a serpentine pattern. The 
thermal resistance between the coolers and heat sources can thus be miniaturized. 
The new microcoolers are currently under test. 

 CFD simulation is a powerful tool to assist the study and design of microcoolers. 
Simulation work has also been done for CNT microchannel coolers to shorten the 
design cycle and lower the experimental cost. 

 Two types of fin arrays (1D and 2D nanotube fin arrays, respectively) have 
been simulated to study the relation between the cooling performance and the fin 
array structures, dimensions, fluid speed and thermal conductivity of the fins. 
The preconditioned conjugate residual (PRC) method in the FLOTRAN CFD 
program in ANSYS is utilized in this case. A numerical method to solve this 
conjugate heat transfer problem is to treat the solid and fluid as a unitary com-
putational domain, and to solve the governing equations simultaneously. The 
FLUID141 element in ANSYS is selected to model the present fluid/thermal 
system with a fluid–solid coupling. Examples of the meshes generated in the 
CFD simulation of cooling assemblies for 1D and 2D fin arrays ( M  = 5,  N  = 5) 
are shown in Fig.  17.8 .  

 Simulation results have shown that the thermal conductivity of the fins does have a 
significant effect on the cooling efficiency of the coolers. One example with five 1D 
fins shows that the maximum and average temperature of the fin array can be decreased 
dramatically by increasing the thermal conductivity of the fins (Fig.  17.9 ).  
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 Another important factor affecting the performance of the microchannel coolers 
is the speed of the flow. As revealed in an example shown in Fig.  17.10 , very 
high fluid speed must be applied to achieve good cooling performance. And the 
high fluid speed results in a very large pressure drop, which requires much 
higher pumping power. Applying high fluid speeds may also destroy the CNT 
fins as the nanotubes are basically bound together by weak van der Waals forces. 
This must be taken into account when designing the microcoolers. One possibility 

  Fig. 17.8    Example of the models and meshes generated in the CFD simulation       

  Fig. 17.9    Example of CFD simulation results for fins of different thermal conductivity       
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  Fig. 17.10    Example of CFD simulation results revealing the effect of fluid speed on the tem-
perature and pressure drop       

is to coat the CNT fins, which increases the cost and complexity of manufacturing 
such coolers.   

  17.5 High Thermally Conductive Carbon Nanotube Bumps  

 Another important heat removal path from the chip is through the interconnects to 
the substrate. CNTs have also been proposed as bumps for flip chip interconnect 
due to their high thermal conductivity  [27] . Besides the thermal conductivity, 
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CNTs also have high mechanical strength  [28]  and good electrical conductivity for 
metallic CNTs  [29] . Moreover, CNTs can be aligned according to small-scale 
precisely pre-defined patterns by common technologies, making bulk production of 
fine pitch interconnects possible. 

 The simplified manufacturing process of patterned CNTs is illustrated in 
Fig.  17.11 . Photolithography is used to transfer the patterns defined in the mask 
to the substrate. The catalyst is then deposited onto the substrate by an electron 
beam evaporator. A lift-off process is performed afterwards to remove the resist 
together with the unwanted catalyst. By using a DC-PECVD system, CNTs are 
grown on the catalyst patterns, forming the bumps of the chip.  

 In real applications, it is also necessary to grow CNTs on metal layers. The 
PECVD growth of carbon nanostructures can differ significantly on different metal 
layers and an insertion layer between the metal and catalyst particles can play a 
crucial role in the process  [22] . A SEM picture showing the CNT bumps grown on 
both silicon and copper is shown in Fig.  17.12 .  

 An important issue regarding using CNTs as flip chip interconnects is the high 
synthesis temperature of CNTs, typically higher than 650°C. Such high temperature 
is not compatible with certain temperature-sensitive processes and materials. 
Therefore, transfer of CNTs by solders  [30]  and conductive adhesives  [31]  has been 
proposed. Figure  17.13  shows some transferred CNT bundles by imprinted isotropic 
conductive adhesive (ICA). This technology developed at Chalmers University of 
Technology can successfully transfer CNT structures at a low temperature of 150°C, 
enabling the integration of CNTs into processes and materials that cannot withstand 
the high CNT synthesis temperatures  [32] .   

  Fig. 17.11    Manufacturing process of CNT bumps       
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  17.6 Conclusions  

 Some new developments of applying nanotechnologies and nanomaterials in the 
field of thermal management of microelectronics packaging have been introduced 
in this chapter. These applications include nano-thermal interface materials and 
CNT-based microcoolers and flip chip bumps. The utilization of various nanotech-
nologies and nanomaterials may potentially revolutionize the electronics packaging 
and production industry to solve the needs of miniaturization, ultra-high density 
packaging and larger power dissipation.      

  Fig. 17.12    SEM image of CNT bumps grown on silicon and copper       

  Fig. 17.13    SEM image of CNT bumps transferred by ICA at low temperature       
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   Chapter 18   
 Electromagnetic Shielding of Transceiver 
Packaging Using Multiwall Carbon Nanotubes       

     Wood-Hi   Cheng(*ü )    ,     Chia-Ming   Chang   , and    Jin-Chen   Chiu       

  18.1 Introduction  

 The widespread deployment of low-cost optical access networks for fiber-to-the-
home (FTTH) applications will necessitate a considerable reduction in the cost of 
key components such as optical transceiver modules. Optical transceiver module 
costs are primarily dependent on their packaging. Owing to its low-cost nature and 
ease of manufacture, plastic packaging technology has been considered as one of 
the major choices for reducing the costs of fabricating optical transceiver modules 
for use in FTTH applications  [1 – 5] . However, plastics alone are inherently trans-
parent to electromagnetic (EM) radiation, and hence provide no shielding against 
radiation emissions. To improve EM shielding for plastic packaging, electronic 
conductive properties have to be added into the plastic hosts. Currently available 
techniques for electromagnetic interference (EMI) shielding include conductive 
sprays, conductive fillers, zinc-arc spraying, electroplating or electrolysis plating 
on housing surfaces, modifications of electrical properties during the molding 
stage, and other metallization processes. Among these methods, the most popular 
one for EM shielding is to compound plastics with discontinuous electronic conduc-
tive fillers, such as metal particles, metal flakes, stainless fiber, graphitized carbon 
particles, graphitized carbon fibers, metal-coated glass, and carbon fibers  [6 ,  7] . 

 Experimental evidence has shown that carbon fibers with aspect ratios of 1,000 
are good conductive fillers for providing high EM shielding  [8 ,  9] . Optical trans-
ceiver modules employing nylon and liquid crystal polymer (LCP) reinforced with 
carbon fiber showed that the measured shielding effectiveness (SE) was over 20 dB 
with 25% of weight percentage of the carbon fiber mixed in the nylon and LCP 
composites  [3 ,  4] . In addition, the SE performance will be higher for higher weight 
percentages of the carbon fiber and thicker material of the carbon fiber mixture. 
However, with such plastic composites, the dominant cost of the package is the 
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carbon fiber fillers. Therefore, developing a plastic composite housing with a low 
weight percentage of carbon fiber and with good shielding ability is necessary for 
fabricating a low-cost and high SE optical transceiver module. Recently, a low-cost, 
lightweight, and high EM shielding package for optical transceiver modules has 
been made by employing a woven continuous carbon fiber (WCCF) epoxy compos-
ite with compression-molding technology  [4 ,  10] . Epoxy resins are one of the best 
matrix materials for carbon fiber composites because they adhere well to a wide 
variety of carbon fibers. By weaving the continuous carbon fiber in a balanced twill 
structure (BTS) with excellent conductive networks, we found that the SE of the 
package housing, while keeping a very low weight percentage of carbon fiber, can 
reach about 80 dB under the far-field source measurement and about 25 dB in the 
near-field source measurement  [4 ,  10] . 

 As the electronic and mechanical properties of carbon nanotubes (CNTs) are 
remarkable  [11 ,  12] , CNTs have been the focus of considerable research and devel-
opment for use in nanoscale electronic and optoelectronic applications such as 
integrated circuit (IC) interconnections  [13] , optical emission devices  [14] , and 
electrical interconnect  [15 – 17] . CNTs are also considered as one of the electronic 
conductive fillers for EM shielding of transceiver package applications because of 
their smaller diameter, higher aspect ratios, higher conductivity, and better mechan-
ical properties  [18 ,  19] . The aspect ratios of most CNTs could be higher than 1,000, 
which offers good prospects to form overlapping conductive CNT networks to 
provide high EM shielding. The electrical percolation behavior of the polymer-
based CNT composites is also discussed in the literature  [20 – 23] . The electrical 
conductivity changes dramatically, when the concentration is around a threshold 
value. Once the concentration is higher and away from the threshold, the conductiv-
ity increases slowly. The threshold value is usually small and less than 0.9 wt% of 
the CNT composite in thin films  [22] . The low percolation threshold results from 
the homogeneous dispersion of CNTs in the matrix and the high aspect ratio of 
CNTs. For thick layers of the polymer-based CNT composites, the percolation 
threshold phenomenon usually becomes more complex, and the dispersion of CNTs 
in the composite may become more difficult. 

 In this chapter, a novel polymer-based multiwall carbon nanotube (MWCNT) 
with high SE and effective electromagnetic susceptibility (EMS) performance for 
use in packaging a high-speed plastic transceiver module is proposed. Further 
research may develop the lower cost, lighter weight, higher shielding, and better 
EMS performance of the optical transceiver module packages by employing 
MWCNT composites. The sections of this chapter are organized as follows. Section 
 18.2  describes the fabrication of MWCNTs. The measurement results of SE for 
plastic composites in the far-field source and the realistic package in the near-field 
source of the monopole type are presented in Sect.  18.3 . Section  18.4  presents the 
shielding effectiveness and EMS performance of an optical transceiver module. 
Conclusion and discussion are given in Sect. 18.5.  
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18 Electromagnetic Shielding of Transceiver Packaging 397

  18.2 Fabrication of MWCNT Composites  

  18.2.1 Material Properties of MWCNTs 

 CNTs have excellent mechanical and electrical characteristics, such as high yield 
strength, high current density, high electrical conductivity, and less heat dissipation 
 [12] . Basically, a CNT is a hollow tube, which is constructed from carbon atoms. 
This kind of hollow structure of carbons is called  fullerene . Usually, fullerenes 
consist of hexagons and pentagons that form spherical shapes. The most famous 
one is C 

60
 , which is built by 60 carbon atoms  [12] . A CNT is a fullerene, but it is in 

a long hollow tube structure and its ends are semispherical-shaped cups. The tube 
wall atoms are hexagonally bonded like graphite and the tube-tip atoms are mixed 
with hexagonal- and pentagonal-bonded-like C 

60
   [12] . Basically, it explains the ori-

gin of the high strength and excellent electrical characteristics. The CNT has a high 
mechanical strength and a large aspect ratio. The latter aspect makes it suitable as 
a filler of plastic composite for conductive networks, which contribute to an 
increase in the conductivity of the composite for EM shielding purpose. 

 MWCNT means a tube with many CNTs inside. These CNTs include metallic 
and semiconducting properties, and the CNTs inside a MWCNT could be concen-
tric or spirally spread. A MWCNT with both metallic and semiconducting CNTs 
inside is also metallic conductive  [24] , which can be used as a conductive filler to 
make plastic composites. In this study, the MWCNT is produced by the arc-dis-
charge deposit method (ADM)  [25] . The electrodes are graphite rods with a dis-
tance about 1–2 mm apart. The applied voltage is 15–30 V, the operated dc current 
is around 50–150 A, and the applied argon gas pressure is 500–760 mbars. The 
deposit at the cathode includes 25% MWCNTs, 10% carbon nanocapsules, and 
65% amorphous carbon. The aspect ratio of these MWCNTs is about 200–500 
under scanning electron microscope (SEM) observation. The MWCNTs produced 
by ADM are not like those produced by a chemical vaporization deposit (CVD) 
method where metal catalyst particles exist. The metal catalyst particles such as Fe 
and Co will influence the conductivity, which has been reported by Kim’s group 
 [26 ,  27] . The MWCNTs are needle-like, sticking out of many hollow carbon nano-
capsules as shown in Fig.  18.1a . Figure  18.1b  shows a transmission electron micro-
scope (TEM) photograph of MWCNTs, which illustrates the multilayer CNTs.   

  18.2.2 Material Properties of MWCNT–LCP Composites 

 The polymeric materials applied in this study are LCPs  [9] . The LCPs exhibit a 
highly ordered structure in both the melt and solid states and are often applied to 
replace materials such as ceramics, metals, composites, and other plastics, because 
of their outstanding strength at high temperature, chemical resistance, and their 
resistance to weathering, radiation, and flame. LCPs have been applied for many 
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injection- and compression-molded parts for their excellent properties  [3 – 5 ,  9] . All 
materials applied in this study are powder for easy mixing and dispersion. A com-
pression-molding machine with temperature controllers was employed to mold 
specimens. The processing temperatures were set at 300–350°C for LCP carbon-
materials-filled composites  [9] . A compression-molded circular specimen with a 
diameter of 133 mm and a thickness of 1 mm was made as an EMI specimen. An 
annulus 32 and 76 mm in inner and outer diameter, respectively, was cut for meas-
uring the EM SE of the composites. 

 According to basic EM shielding theory, the higher conductivity has the higher 
SE. The more MWCNTs that are added, the more overlapping conductive MWCNT 
networks are formed, and hence the higher conductivity and the higher SE are 
obtained  [4 ,  18 ,  19] . The conductivity of the MWCNT–LCP composite specimen was 
measured by a four-terminal technique. Comparing with the ADM MWCNT–LCP, 

a

b

  Fig. 18.1    ( a ) SEM photograph of MWCNTs and ( b ) TEM photograph of MWCNTs       

Morris_Ch18.indd   398Morris_Ch18.indd   398 9/29/2008   8:09:18 PM9/29/2008   8:09:18 PM



18 Electromagnetic Shielding of Transceiver Packaging 399

  Fig. 18.2    Electrical conductivity as a function of mass fraction of MWCNT–LCP composite       
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the CVD MWCNT–LCP was made of purified MWCNTs in a CVD method from 
the Desunnano Ltd  [25] . Figure  18.2  shows the relations between weight percent-
ages of MWCNTs and electrical conductivity. It revealed that the higher weight 
percentage of MWCNTs exhibited a higher electrical conductivity. The higher 
conductivities of CVD MWCNT–LCP composite compared with ADM MWCNT–
LCP composite are due to the higher aspect ratio and the remaining catalyst Fe 
enclosed in CVD MWCNTs. Using the SEM to examine the MWCNT–LCP com-
posite, the morphology shows many trunk-like long fibers. However, in the 
MWCNT–LCP composite, it is hard to distinguish MWCNT from LCP, since the 
LCP itself has a highly ordered structure and envelops the MWCNTs, as shown in 
Fig.  18.3a . For the purpose of examining the real MWCNT dispersion, we use an 
ion technique to break the atomic bonds of LCP and MWCNT. Hence, the MWCNT 
morphology can be clearly observed as shown in Fig.  18.3b .   

 The mechanical strength of the MWCNT composite can be characterized by the 
tensile strength measurement. Figure  18.4  shows the relationship between the ten-
sile strength and the weight percentage of MWCNT composite. The tensile strength 
increases as the MWCNT weight percentage increases. This is due to the reinforce-
ment of the polymer-based MWCNT composites regardless of the MWCNT func-
tionalization. Fillers such as MWCNTs, with a high aspect ratio, usually exhibit a 
high tensile strength and a good flexural strength. However, the MWCNT rein-
forcement material seldom carries over to the composite due to poor load transfer 
from matrix to MWCNT reinforcement, unless the MWCNTs are appropriately 
functionalized. The modulus of the composite usually improves with MWCNT 
reinforcement regardless of functionalization. The higher slope of CVD MWCNT–
LCP composite as compared with that of the ADM MWCNT–LCP could be attrib-
uted to the high aspect ratio of the CVD MWCNT. However, the differences of 
conductivity and tensile strength of the ADM MWCNT–LCP and CVD MWCNT–
LCP composites are small, as shown in Figs.  18.2  and  18.4 . The ADM MWCNT–
LCP composites still have a high aspect ratio advantage.    
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  Fig. 18.4    Tensile strength as a function of MWCNT–LCP composite mass fraction       
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  Fig. 18.3    ( a ) SEM photograph of MWCNTs embedded in LCPs and ( b ) SEM photograph of 
MWCNTs distribution in composite (locally)       
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18 Electromagnetic Shielding of Transceiver Packaging 401

  18.3  Electromagnetic Shielding Performance of MWCNT 
Composites  

  18.3.1  Shielding Measurements of MWCNT Composites 
in the Far-Field Source 

 Figure  18.5  shows a setup for the SE measurement and a cross section of the coaxial-
type transmission-line holder. A flanged coaxial transmission-line holder was 
designed by the following ASTM D4935 method  [28] , which is used to measure the 
SE of a disk-shaped MWCNT–LCP specimen in far-field source. The testing fre-
quency range is 1–3 GHz, since we focus on 2.5-Gb s −1  lightwave transmission appli-
cations. The diameter of the inner conductor was 33 mm, and the outer conductor had 
inner and outer diameters of 76 and 133 mm, respectively, according to the definition 
of ASTM D4935  [28] . The electromagnetic SE of the MWCNT–LCP composites 
was measured by an insertion of the disk-shaped specimen with a diameter of 133 
mm and a thickness of 1 mm between the two identical flanges. The purpose of the 
SE test procedure is to quantitatively measure the insertion loss that results from 
introducing the test specimens. The result of the far-field measurement is shown in 
Fig.  18.6 . The SE of the MWCNT–LCP composites was measured from 38 to 45 dB 
in the frequency range of 1–3 GHz, which is suitable for industrial use. The SE of the 
MWCNT–LCP composite is also comparable to the other shielding plastic compos-
ites such as carbon fiber (CF)–nylon, CF–LCP, and WCCF epoxy  [4] .   

 For a coaxial holder transmission-line circuit, there are significant parasitics 
between the holder and specimen. The equivalent circuit of a flanged coaxial holder 
with specimen can be modeled for theoretical calculation when the parasitic effects 
are considered  [3 ,  8 ,  9 ,  19] . The calculated result of SE vs. frequency is also shown 

  Fig. 18.5    Measurement setup for the shielding effectiveness of the plastic composites based on 
the ASTM D4935 method and a cross section of the coaxial-type transmission-line holder       
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in Fig.  18.6 . Both measured (solid line) and calculated (dashed lines) results of the 
far field are in good correlation.  

  18.3.2  Shielding Measurements of MWCNT Composites
 in the Near-Field Source 

 Near-field measurement is used to examine the SE of the specimen assembly, 
which is closer to the radiant source. It is more like the actual situation of a real 
application. A monopole-type antenna was used as the radiant source. Then, we put 
the monopole-type antenna into a module box built of the MWCNT–LCP compos-
ite to measure the difference of reference level and shielding level, which is the SE 
of the module box in the near-field situation. The SE measurement in a near-field 
source was carried out in a fully anechoic electromagnetic compatibility (EMC) 
chamber, as shown in Fig.  18.7   [3 – 5] . Because the hybrid absorbers combining the 
ferrite tiles and foam absorbers were aligned on the metal-shielded wall inside the 
chamber, good wave-absorbing performance could be achieved from 30 MHz to 18 
GHz for the EMC chamber. The radiation source was put on a wooden table from 
which an antenna was seated at a distance of 3 m for receiving the radiated field. 
Because the interconnecting length on the optical transceiver module was generally 
about 1–2 cm, an electric monopole with a 2-cm length was used to emulate the 
radiation energy inside the molded housing.  

 Figure  18.8  shows the SE behavior vs. frequency of the realistic housing fabricated 
by the MWCNT–LCP composites for a near-field radiation source of the monopole 
type. The SE of the MWCNT–LCP composites was measured from 28 to 40 dB in 
the frequency range of 1–3 GHz, as shown in Fig.  18.8a . Figure  18.8b  shows the 
received radiation with and without shielding boxes. The radiation with and without 
shielding boxes showed 58 and 92 dBµV m −1 , on average, respectively. Both values 
were far from the background white-noise level of around 30 dBµV m −1 .    
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  Fig. 18.6    Far-field measurement: 50% weight MWCNT–LCP composite       
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18 Electromagnetic Shielding of Transceiver Packaging 403

  Fig. 18.7    SE measurement setup for near-field monopole-type source in a fully anechoic EMC 
chamber       
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  Fig. 18.8    ( a ) Near-field shielding effectiveness results and ( b ) received radiations of monotype 
antenna enclosed in a 50% weight percentage MWCNT–LCP box       
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  18.4  Electromagnetic Shielding Performance of Transceiver 
Packages  

  18.4.1 Optical Transceiver Modules 

 An optical transceiver module consists of a 1.3-µm laser (TOSA), a photodiode 
(ROSA), two ICs, and a plastic housing  [3 ,  4] . These high-speed electric signals 
with fast rising/falling edges would result in significant EMI problems as the trans-
ceiver modules are mounted onto the digital communication systems. Metallic 
housings are the general solution to reduce the EMI of the module for complying 
with the Federal Communications Commission (FCC) EMI regulation. But due to 
low-cost and lightweight considerations, plastic packaging or housing becomes one 
of the major trends for future optical transceiver module designs  [1 – 5] . 

 The optical transceiver modules were fabricated by the MWCNT–LCP compos-
ites. The shape of the molded package housing was a rectangular box with the 
dimensions of 70 × 30 × 20 mm. The weight percentage of MWCNT was 50%. In 
general, the SE increases as the mass fraction of MWCNT increases. However, 
when the mass fraction of MWCNT increases more than 50%, the MWCNT–LCP 
composite becomes easy to break when compressing the specimen. This might be 
due to less LCP to fill out all the space inside the composite specimen, which makes 
gaps or caves and reduces the strength of the specimen.  

  18.4.2  Electromagnetic Interference Measurement 
of Transceiver Module in the Near-Field Source 

 An optical transceiver module with transmission rate of 2.5 Gb s −1  is tested to evalu-
ate the EM shielding against emitted radiation from the plastic packaging. The 
packaged transceiver communicated with a golden specimen module (GSM) with 
identical functions to the module under test (MUT)  [3 – 5] . A pattern generator 
(Tektronix GTS1250) transmitted the differential pseudorandom bit sequence 
(PRBS) patterns (2.5 Gb s −1 ) to the GSM. Through a fiber optic link, the data were 
received by the MUT working in the loopback mode inside the chamber. 

 An optical transceiver module usually consists of a transmitter and a receiver. In 
this work, due to the limited housing space in the MWCNT–LCP composite box, 
the SE measurement of the optical transceiver module is carried out by separate 
transmitter and receiver module measurements. The result of the near-field meas-
urement of the 2.5-Gb s −1  transmitter module is shown in Fig.  18.9a . The SE was 
about 20 dB, on average, in the 2.5-GHz region. Figure  18.9b  shows the received 
radiation at a frequency of 2.5 GHz for boxes with and without shielding to be 40 
and 60 dBµV m −1 , on average, respectively. And, the radiation in the frequency 
range 1–3 GHz was 40 and 57 dBµV m −1 , respectively, for boxes with and without 
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18 Electromagnetic Shielding of Transceiver Packaging 405

shielding. The radiation of 40 dBµV m −1  is closer to the background level, espe-
cially at lower frequencies.  

 Figure  18.10a  shows the results of the near-field measurement of the 2.5-Gb s −1  
receiver module. The SE was about 14 dB, on average, in the 2.5-GHz region. 
Figure  18.10b  shows the received radiation at a frequency of 2.5 GHz for boxes 
with and without shielding to be 40 and 54 dBµV m −1 , on average, respectively, and 
the radiation with and without shielding boxes was 40 and 54 dBµV m −1 , on aver-
age, respectively, in the frequency range 1–3 GHz. The radiation of 40 dBµV m −1  
is closer to the background level, especially at lower frequencies.  

 The radiation received by the optical transceiver without a shielding box was 
measured at 59 dBµV m −1 , on average, in the frequency range 1–3 GHz, and 67 
dBµV m −1 , on average, in the 2.5-GHz region. Based on the SE measurements of 
the transmitter and receiver modules from Figs.  18.9  and  18.10 , the result of SE 
measurements for the optical transceiver module at a frequency of 2.5 GHz was 
expected to be 14 dB by using the worst-case SE value from the receiver module. 
However, the expected radiation of the optical transceiver module was 53 dBµV m −1  

  Fig. 18.9    ( a ) Near-field shielding effectiveness results and ( b ) received radiations of 2.5-Gb s −1  
transmitter       
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(67 dBµV m −1 –14 dB), which is lower than the FCC regulation of 54 dBµV m −1  
 [29] . It is also suitable for industrial use. 

 MWCNT–LCP composite used as a novel EM shielding material for packaging 
a plastic optical transceiver module was examined in both the near-field and the 
far-field sources. The results showed that the SE of MWCNT composites exhibited 
38–45 dB in the far-field source and 28–40 dB in the near-field source at a fre-
quency range of 1–3 GHz, and with an average of 14 dB for packaged optical 
transceiver modules at a frequency of 2.5 GHz. The SE behavior of the monopole 
antenna enclosed in the MWCNT–LCP composite box (Fig.  18.8 ) was higher than 
that of the optoelectronic devices (Fig.  18.9  for transmitter and Fig.  18.10  for 
receiver) in the 1–3 GHz frequency range. This is due to the radiation of optoelec-
tronic devices, which is not as high as the monopole antenna (about 92 dBµV m −1 ). 
The results of receivers enclosed in module boxes also showed a low SE (Fig.  18.10 ) 
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  Fig. 18.10    ( a ) Near-field shielding effectiveness results and ( b ) received radiations of 2.5-Gb s −1  
receiver       
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18 Electromagnetic Shielding of Transceiver Packaging 407

when compared to that of the monopole antenna (Fig.  18.8 ). The adopted opto-
electronic devices under test did not radiate as much as the monopole antenna. So, 
the results for the monopole antenna enclosed in the module box might reflect the 
real shielding ability of the module box in the near-field situation. In brief, the 
MWCNT–LCP module box composite has shown a good shielding ability to 
reduce the radiation from optoelectronic devices, such as transmitters, receivers, 
and transceivers under the testing frequency ranges of 1–3 GHz, and all the results 
meet FCC regulations  [29] .  

  18.4.3  Electromagnetic Susceptibility Measurement
of Transceiver Module in the Near-Field Source 

 The EMS or electromagnetic immunity of the optical transceiver modules to EMI is 
one of the major concerns to maintain good signal quality over gigabits-per-second 
transmission rates  [5 ,  30 ,  31] . In this work, the EMS performance of an optical 
receiver package fabricated by the MWCNT–LCP composite is experimentally 
evaluated by the eye diagram and bit-error-rate (BER) test for a 2.5-Gb s −1  light-
wave transmission system. Figure  18.11  shows the measurement setup for the EMS 
performance of the proposed package. A pulse pattern generator (PPG, Anritsu 
MP1763C) is used to transmit 2.5-Gb s −1  signals to the transceiver module under 
test through an optical transmitter. The 2 31  − 1 PRBS pattern is given by the PPG. 
The received signal is electrically returned to a bit-error-rate tester (BERT, Anritsu 
MP1764C) and the eye patterns can also be measured by a sampling scope 
(Tektronix CSA 8000C). To perform the EMS measurement of the packaged 
receiver, the monopole radiator excited by the PPG is used to interfere with the 
packaged module at a distance of 3 cm.  

  Fig. 18.11    EMS measurement setup       
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  Fig. 18.12    Eye diagrams of the packaged module of different weight percentages of MWCNTs 
under radiation interference: ( a ) 20%, ( b ) 30%, and ( c ) 50%. The  arrows  indicate the worse jitters 
surrounding at X region       
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18 Electromagnetic Shielding of Transceiver Packaging 409

 The display with eye mask gives qualitative values for noise, jitter, rise time, fall 
time, and pulse duration. Figure  18.12a, b, and c  shows the eye diagrams of the 
packaged receiver boxes with 20, 30, and 50% weight percentages of MWCNTs in 
the MWCNT–LCP composites, respectively. In Fig.  18.12a , there was a lot of 
worse jitter surrounding the X region, as indicated by the arrows. The applied 
amplitude on the interference monopole-type antenna was 0.75 Vp-p. Figure  18.13  
plots the eye mask margin as a function of the MWCNT weight percentage, based 
on Fig.  18.12 . The mask margin is defined as the ratio of the maximum allowable 
mask to the standard mask. The mask margins were improved 46, 53, and 54% for 
20, 30, and 50% MWCNT weight percentages, respectively. This shows that the 
mask margin increases as the MWCNT weight percentage increases. The result 
clearly indicates that the higher MWCNT weight percentage has the better EMS 
performance.   

 The superior EMS performance of the proposed package is also demonstrated 
through the measurement of the BER tests. Figure  18.14  shows the BER vs. the 
received optical power for three different cases (50% weight percentage of the 
MWCNTs): unpackaged module without radiated interference (case A), unpack-
aged module with radiated interference (case B), and packaged module with radi-
ated interference (case C). As shown in Fig.  18.11 , the radiated monopole is at 
3-cm distance to the tested module with 1 Vp-p amplitude of the excitation. 
Comparing with case A, case B with significantly strong radiated noise needs 
larger optical power to keep the same BER. As shown in Fig.  18.13 , the received 
optical power is about −11.1 and −8 dBm for cases A and B, respectively, to 
achieve the BER of 10 −12 . However, case C with the package housing clearly shows 
that the BER performance is significantly improved. The optical power is about 
−10.6 dBm for the BER 10 −12 . Comparing with case B, case C fabricated by the 
proposed CNT–LCP composite package significantly increases the electromagnetic 

  Fig. 18.13    Relationship between mask margin and MWCNT weight percentage at the amplitude 
of monopole-type antenna of 0.75 Vp-p       
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immunity to the radiated interference with about 2.6-dB optical power gains at 
BER 10 −12 .  

 Figure  18.15  shows the relationship between power penalty and MWCNT 
weight percentage. The amplitude of interference monopole-type antenna was 1 
Vp-p. The power penalty is defined as the received power difference between 
unpackaged boxes without radiated interference and packaged boxes with radiated 
interference in dB unit at BER equal to 10 −12 . The result showed that the power 
penalty decreased as the MWCNT weight percentage increased. The power penal-
ties are less than 1.5 dB for three different MWCNT weight percentages. The result 
indicates that the higher weight percentage of the MWCNTs, the better is their 
shielding ability and EMS performance.    
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  Fig. 18.14    BER vs. received optical power for three different cases: unpackaged module without 
radiated interference ( case A ), unpackaged module with radiated interference ( case B ), and pack-
aged module with radiated interference ( case C )       

  Fig. 18.15    Relationship between power penalty and MWCNT weight percentage at the amplitude 
of monopole-type antenna of 1 Vp-p       
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18 Electromagnetic Shielding of Transceiver Packaging 411

  8.5 Conclusion and Discussion  

 Using a novel polymer-based MWCNT with high SE and effective EMS perform-
ance in plastic packaging, a 2.5-Gb s −1  plastic transceiver module has been devel-
oped and fabricated. The SE of the MWCNT composite with 50% weight 
percentage MWCNTs exhibited 38–45 dB. Under strongly radiated interference, 
the package housing fabricated by MWCNT–LCP composites significantly 
improved the mask margin and power penalty for a 2.5-Gb s −1  lightwave transmis-
sion system. This demonstrated that the plastic transceiver modules with the higher 
weight percentage of the MWCNTs exhibited a higher SE, and hence showed 
effective EMS performance, a better mask margin, and a lower power penalty. This 
clearly indicates that the MWCNT–LCP composites with their high SE are suitable 
for packaging lightweight and high-performance EMS plastic transceiver modules 
used in FTTH lightwave transmission systems. 

 According to basic EM shielding theory, the higher conductivity has the higher 
SE. The more MWCNTs that are added, the more overlapping conductive MWCNT 
networks are formed, and hence the higher conductivity and higher SE are obtained 
 [4 ,  18 ,  19] . However, it is well known and widely accepted that the electrical conduc-
tivity of polymer-based MWCNT composites has a percolation threshold at a very 
low concentration, where the electrical conductivity changes dramatically  [20 – 23] . 
Once the concentration is higher and away from the threshold, the conductivity 
increases slowly. The threshold value is usually small and less than 0.9 wt% of the 
MWCNT composite in thin film. The low percolation threshold results from homo-
geneous dispersion of MWCNTs in the matrix and a high MWCNT aspect ratio. 
Published literatures on MWCNT–polymer composites mainly discuss thin films 
 [20 – 23] , which may be a two-dimensional system. In this work, the thickness of the 
MWCNT–polymer composite was more than 1 mm to offer a strong EMI protection 
of transceiver package. This transceiver package is a three-dimensional system. For 
thick layers of the polymer-based composites of MWCNT, the percolation threshold 
phenomenon usually becomes more complex, and the dispersion of CNT in the 
composite may become more difficult. Clearly, homogeneous dispersion in thick layers 
of the MWCNT–polymer composite is necessary and needs to be developed.      
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   Chapter 19   
 Properties of 63Sn-37Pb and Sn-3.8Ag-0.7Cu 
Solders Reinforced With Single-Wall Carbon 
Nanotubes       

     K.   Mohan Kumar(*ü ),       V.   Kripesh,       and Andrew A.O.   Tay        

  19.1 Introduction  

 As integrated circuit (IC) technology continues to advance, there will be increasing 
demands on I/O counts and power requirements, leading to decreasing solder pitch 
and increasing current density for solder balls in high-density wafer-level packages 
 [1] . As the electronics industry continues to push for miniaturization, reliability 
becomes a vital issue. The demand for more and smaller solder bumps, while 
increasing the current, has also resulted in a significant increase in current density 
 [2] , which can cause the failure of solder interconnects due to electromigration  [3] . 

 Solders are extensively used in IC technology as mechanical and electrical inter-
connects because of their ease of processing and lower cost. However, because of 
their relatively low melting temperatures, creep is a major concern. When elec-
tronic devices are switched on and off, the electronic packages experience cyclic 
changes in temperature. Because of differences between the packages and the sub-
strate, cyclic changes in thermomechanical stresses are induced in the package-to-
board solder joints. Such cyclic stresses in the solder joints eventually lead to 
failure of the solder joints through thermomechanical fatigue  [4 ,  5] . 

 With the relentless trend toward very fine pitch IC packages, the cyclic stresses 
experienced by flip chip-to-board interconnects are increasing greatly, resulting in 
a drastic drop in fatigue life of solder joints. One way of overcoming this problem 
is to use new materials, which can provide enhanced mechanical, electrical, and 
thermal properties. Composite solders can offer improved properties  [6] . Although 
a few researchers have investigated the influence of nanoparticles and nanotubes on 
the properties of solder  [7 – 9] , these investigators were mainly focused on the 
mechanical properties of the solders. In this study, the influence of nanotube addi-
tion on microstructural, mechanical, electrical, wetting, and thermal properties has 
been investigated. In addition to this, efforts have been made to evaluate the joint 
strength and creep strength of the composite solder joints. 
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 Owing to their fascinating physical properties and unique structures, carbon nano-
tubes (CNTs) are receiving steadily increasing attention since their discovery  [10] . 
Intense interest from researchers has been generated in utilizing these unique struc-
tures and outstanding properties, for example, in hydrogen storage, supercapacitors, 
biosensors, electromechanical actuators, and nanoprobes for high-resolution imaging 
and so on  [11 ,  12] . In recent years, there has been a steadily increasing interest in 
the development of CNT-reinforced composites due to their remarkable mechanical, 
electrical, and thermal properties  [13 – 16] . Depending on their length, diameter, 
chirality, and orientations, CNTs show almost five times the elastic modulus (1 TPa) 
and nearly 100 times the tensile strength (150 GPa) of high-strength steels  [17] . The 
motive is to transfer the exceptional mechanical and physical properties of CNTs to 
the bulk engineering materials. Polymers, ceramics, and metals are favorable as 
matrix materials. CNT-reinforced polymer-based composites were widely synthe-
sized by surfactant-assisted processing, repeated stirring, solution evaporation with 
high-energy sonication, and interfacial covalent functionalization  [18 – 20] . Much of 
the research in nanotube-based composites has been on polymer or ceramic matrix 
materials and less on metal–matrix composites  [21 – 23] . This is mainly due to the 
fact that uniform dispersion of CNTs in a metal matrix is quite difficult. 

 Nai et al.  [9]  demonstrated that the dispersion and homogenous mixing between 
MWCNTs and a lead-free solder matrix could be obtained by mixing nanosized 
matrix powders with CNTs. They showed that the powder metallurgy process was 
a very promising technique for full densification of CNT/lead-free solder nanocom-
posites, which showed remarkable enhancement of yield strength compared with 
that of unreinforced lead-free solders. 

 The current work provides an insight into the usage of SWCNTs as a reinforcing 
material for the enhancement of the properties of the solder material to be used in 
wafer-level chip-scale packages (WLCSP). The aim of this work is to fabricate and 
characterize CNT-reinforced nanocomposite solders and show their improved 
physical, thermal, electrical, mechanical, and wetting properties compared with the 
original Sn–Pb and Sn–Ag–Cu solders.  

  19.2 Experimental Aspects  

  19.2.1 Materials 

 The starting materials used in this study were Sn–Pb and Sn–Ag–Cu solder pow-
ders of type 7 (2–11 µm). The SWCNTs employed in this study were prepared 
using the chemical vapor deposition (CVD) technique and typically have an 
average diameter of 1.2 nm and lengths between 5 and 10 µm.  

  19.2.2 Preparation of Composite Solders 

 The solder powder and SWCNTs were weighed to the approximate weight percent 
ratio. Different compositions were prepared with varying SWCNT content ranging 
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from 0.01 to 1 wt%. The preweighed SWCNTs and solder powders were blended homo-
geneously using a V-cone blender operated at a speed of 50 rpm. The homogenously 
blended composite solder powders were consolidated by uniaxial cold pressing with a 
pressure of 110 bar in the case of Sn–Pb composite solders while Sn–Ag–Cu composite 
solders were compacted at a pressure of 120 bar. The consolidated  green  composite 
solder compacts of diameter 35 mm were sintered at 150°C for Sn–Pb composite solders 
and at 180°C for Sn–Ag–Cu composite solders. Sn–Ag–Cu composite solders  were 
sintered at 180°C to approach a reasonable rate of solid-state sintering. The sintered 
compacts were finally extruded at room temperature with an extrusion ratio of 20:1.  

  19.2.3 Scanning Electron Microscopy 

 Samples were cut from the extruded solder bars with a diamond saw, and mechanically 
polished with diamond pastes after cutting, and finishing with 0.02-µm grade. Micro-
structural observations were performed by scanning electron microscopy (SEM) using a 
Hitachi FE-SEM 4100 operated at 10 kV. The elemental analysis of the phases was carried 
out using energy-dispersive X-ray spectroscopy (EDX) equipped with FE-SEM.  

  19.2.4 Thermomechanical Analysis (TMA) 

 The linear thermal expansion coefficient of composite solders was measured using a 
Perkin-Elmer TMA-7 thermal mechanical analyzer operated in expansion mode. 
Cylindrical samples of diameter 8 mm were employed. TMA data were obtained in the 
heating range of 25–125°C in the case of Sn–Pb composite solders, while a 25–150°C 
heating range was employed for the Sn–Ag–Cu composite solders at a rate of 5°C/min. 
All TMA experiments were performed with a small loading force of 5 g to avoid defor-
mation of the samples during testing. The CTEs of the composite solder specimens 
were obtained from the slope of the curve over a linear temperature range.  

  19.2.5 Differential Scanning Calorimetry (DSC) 

 The melting behaviors of the composite solder specimens were examined by a Perkin-
Elmer DSC-7 system. DSC experiments were carried out at a heating rate of 10°C/min 
from 25 to 250°C. The heat flow as a function of temperature was recorded and ana-
lyzed. The entire scanning was carried out under an inert nitrogen atmosphere.  

  19.2.6 Electrical Properties 

 Electrical conductivity was measured on strips having dimensions of 50 mm × 10 
mm cut from rolled composite solder preforms with a thickness of ∼0.13 mm using 
a four-point probe technique.  
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  19.2.7 Wettability 

 Solder alloys were cold rolled to preforms of thickness 1 and 0.13 mm for the joint 
tensile testing, wetting, and creep-rupture analyses. The solder preforms were 
remelted four times to get a uniform structure and composition. Approximately 0.2 
g of the remelted solder preforms were weighed using an electronic balance. The 
weighed solder preforms were cleaned with acetone in an ultrasonic bath. The sub-
strate used was a thin copper plate of 99.9% purity and dimensions of 25 mm × 25 
mm × 0.1 mm. These small substrates were polished sequentially with silicon car-
bide sandpaper of up to 800 abrasive number, and then cleaned ultrasonically in 
acetone for 10 min to achieve an ultraclean substrate for wetting experiments. 

 The measurement of contact angle was performed using the following tech-
nique. First wetting was carried out on a hot plate. Rosin mildly activated (RMA) 
flux was applied on a copper substrate. Some flux was then applied on the surface 
of the preweighed solder preform before placing it on the copper substrate. In 
preparation for the reflow, the substrate containing the solder and the flux was first 
preheated to 100°C, and then to the reflow temperature of 240°C. After the time of 
reflow, the specimen was quickly removed, allowed to solidify, and later quenched 
to room temperature. The solder after reflow on the copper substrate was cleaned 
with alcohol for 10 min to remove the flux residues. After each test, the solder drop 
was cut perpendicular to the interface, mounted in resin, and polished to examine 
the morphology and contact angle of solder on copper substrate. Then the photo-
graph of the specimen was taken and analyzed with the help of commercially avail-
able software for measuring spreading area.  

  19.2.8 Microhardness Testing 

 The sintered samples were polished to a mirror finish prior to the microhardness 
indentation tests. Microhardness of the composite solder specimens was measured 
using a Digital Micro-Hardness Tester with a Vicker’s indenter. The samples were 
indented with a load of 10 g, and an average of seven indentations was made at dif-
ferent locations of the composite solder specimens for further analysis.  

  19.2.9 Tensile Testing 

 The samples for tensile testing were machined from the extruded bars. Dog-bone-
shaped specimens of gauge length 25 mm and diameter 5 mm were prepared. Tensile 
experiments were carried out at room temperature on the specimens using an Instron 
5569 tensile tester at a constant cross-head displacement of 1 mm/min. Five samples 
of each composite solder were tested. All samples were tested to failure.  
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  19.2.10 Tensile Strength of Solder Joint 

 Cu samples of length 45 mm were cut from a 99.9% pure, half-hardened Cu bar 
with rectangular cross section (10 mm × 1 mm). These were etched in 50% sulfuric 
acid to get rid of the surface oxide layer. The mating surfaces were fluxed immedi-
ately with commercial RMA flux and the rest of the surfaces were coated with sol-
der resist to prevent them from being wetted by molten solder. Solder alloys were 
rolled into thin sheets of thickness 1 mm and sliced into pieces that approximately 
covered the mating surface area of the Cu samples. Then, the sliced solder pieces 
were placed between the mating surfaces of two Cu samples in an aluminum mold 
and were heated in a furnace to a temperature 50°C above the liquidus of the solder. 
After holding in the molten state for 2 min, the samples were gently soldered with 
the help of a screw-driven mold to maintain a joint thickness of 500 µm by adjust-
ing the screws placed at each end of the mold to obtain a good joint, and were 
cooled in the furnace. It was found that the tensile testing specimens thus prepared 
resulted in joints with solder of thickness between 300 and 400 µm.  

  19.2.11. Creep Rupture Analysis 

 The creep rupture tests were conducted using composite solder lap joints between 
two dog-bone-shaped copper pieces, which were fabricated as follows. Two 99.9% 
pure, 0.1-mm thin copper sheets were first wire-cut into the shape of a dog bone. 
The composite solder alloys were cold rolled to obtain performs of thickness 0.13 
mm and cut into square specimens of dimensions 1 mm × 1 mm. The dog-bone-
shaped copper substrates were cleaned with dilute sulfuric acid and rinsed with 
acetone. The narrow ends of the copper substrates were coated with solder resist to 
obtain a cross-sectional area of 1 mm 2 . Then, RMA flux was applied to each narrow 
end of the substrate and the composite solder preform was sandwiched between the 
two copper substrates. Reflow soldering was performed in a programmable oven. 
The creep-rupture life tests were performed at room temperature with a dead load 
stress of ∼10.4 MPa.   

  19.3 Results and Discussion  

  19.3.1. Microstructural Observation 

 The SEM and TEM microstructures of the as-received SWCNTs used in the present 
study are shown in Fig.  19.1 . The FE-SEM microstructure of the original Sn–Pb 
solder is shown in Fig.  19.2a  showing white contrast for tin grains and dark contrast 
for lead grains. The average grain size of the as-cast Sn–Pb solder was 5.12 µm. 
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Figure  19.2b  shows the highly refined microstructure of 0.3 wt% SWCNT-doped 
Sn–Pb composite solder, which is a consequence of homogenous dispersion of the 
nanotubes. The average grain size of the composite is measured to be 1.08 µm by 
employing image analysis software. An obvious difference between the microstruc-
tures of the solder alloys with and without addition of nanotubes can be observed.  

 There is some porosity observed in the solder matrix. This is mainly attributed to the 
sintering process. During the sintering process, the matter of the solder matrix flows and 
the SWCNTs act as solid impurities  [24] . The van der Waal forces cause the SWCNTs 
to get entangled with one another. Because of this phenomenon, it is very difficult to 
achieve a higher degree of homogeneous dispersion of the SWCNTs throughout the 
solder matrix. In this manner, the entangled SWCNTs may have resulted in the forma-
tion of pores in the solder matrix, which is being observed in the micrographs. 

Fig. 19.1 Images of SWCNTs: (a) scanning electron microscopy (SEM) image of SWCNT, 
(b) TEM micrograph of SWCNT produced by a chemical vapor deposition (CVD) process

   

ba

  Fig. 19.2    FE-SEM micrographs of 63Sn-37Pb solder with ( a ) 0 wt% SWCNT, ( b ) 0.3 wt% 
SWCNT       
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 Figure  19.3  compares the microstructures of the Sn–Ag–Cu + SWCNT compos-
ite solders and pure Sn–Ag–Cu solder. The higher magnification micrographs in 
Fig.  19.3a  reveal that the microstructure of Sn–Ag–Cu solder is composed of a 
dark-gray phase (Cu 

6
 Sn 

5
 ) and brighter light-gray grains (Ag 

3
 Sn) dispersed evenly 

in the β-Sn solder matrix. For the Sn–Ag–Cu pure solder sample, the average grain 
size of the secondary phase varied between 3.75 and 4.25 µm. The average grain 
size of the secondary phase was found to be 0.5–0.8 µm with 1 wt% addition of 
nanotubes to the Sn–Ag–Cu solder as shown in Fig.  19.3b . In the SWCNT-rein-
forced solder samples, the SWCNTs are distributed at the boundaries of the Ag 

3
 Sn 

equiaxed grains. They can be identified by the difference in contrast, which is 
mainly associated with the different atomic numbers of the individual phases under 
consideration. Brighter regions correspond to the higher atomic numbers while 
darker phases correspond to the lower atomic numbers. The elemental analysis 
obtained by EDX is shown in Fig.  19.4 . The intense “C” peak represents the presence 

  Fig. 19.3    FE-SEM micrographs of Sn-3.8Ag-0.7Cu with ( a ) 0 wt% SWCNT, ( b ) 1 wt% 
SWCNT       
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  Fig. 19.4    Phase identification of SWCNT at the grain boundary of Ag 
3
 Sn in sintered Sn–Ag–Cu/

CNT composite: EDS of the white region showing the presence of carbon       
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  Fig. 19.5    Variation of CTE of both Sn–Pb and Sn–Ag–Cu composites with weight percent of 
SWCNTs       
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of SWCNTs at the boundaries of the Ag 
3
 Sn grains. This shows that the SWCNTs 

remained inside the solder matrix after sintering, but were concentrated at the 
boundaries of the Ag 

3
 Sn grains. 

   The possible reason for the size refinement is as follows. SWCNT is a ceramic 
material. While processing the composite solder specimens, the surface diffusion of 
the Ag 

3
 Sn can be suppressed by the extremely quick translations of ceramic materi-

als through the temperatures that exist during the sintering process  [25] . The rein-
forcement of the microstructure, as shown in Fig.  19.2  with the varying content of 
SWCNT, demonstrates a strong dependence of the sintered microstructure of the 
composite solders on the initial composition and morphology of the starting materials.  

  19.3.2 Coefficient of Thermal Expansion (CTE) 

 The CTE was measured using TMA and was obtained from the initial linear slope 
of the thermal strain–temperature plot. The CTEs of pure Sn–Pb and Sn–Ag–Cu 
were found to be 25.8 × 10 −6  and 18.7 × 10 −6 /°C, respectively, which are comparable 
with those in the literature  [26 ,  27] . The variation of CTE with weight percent 
of SWCNT addition for the Sn–Pb and Sn–Ag–Cu composites is shown in 
Fig.  19.5 . The composite solders exhibit lower CTE values than the parent alloys. 
It was observed that the CTE of both the solders decreases with increasing content 
of SWCNT. In general, the lower CTE can be attributed to the rigidity of the nano-
tubes and the fine dispersion of nanotubes in the solder matrix, which can obstruct 
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the expansion of the solder matrix at elevated temperatures. However, factors such 
as the adhesion of nanotube-matrix interfaces at testing temperatures, the apparent 
lack of orientation of the nanotubes, and the inevitable agglomeration at higher 
nanotube loads might affect the CTE values of nanocomposite solders and need to 
be confirmed by further studies and analysis.   

  19.3.3 DSC Analysis 

 DSC measurements were carried out to determine the thermal properties such as 
melting point and onset temperature of both Sn–Pb and Sn–Ag–Cu composite sol-
ders containing varying amounts of SWCNTs. The results are given in Table  19.1 . 
Typical DSC thermograms of the Sn–Pb and Sn–Ag–Cu solders and their compos-
ites with SWCNTs are shown in Figs.  19.6  and  19.7 . The shapes of the thermo-
grams closely resemble one another. They are characterized by a sharp endothermic 
peak associated with the onset temperature and a peak temperature that exactly 
corresponds to the melting temperature of the solder or composite solder. It can be 
seen from Table  19.1  that the melting point of the composite solders as well as the 
onset temperature decreases with increasing content of SWCNTs. A similar 
decreasing trend in melting point was recently reported for the addition of nanoa-
lumina, and nano-SiO 

2
  to polyether ether ketone (PEEK)  [28] .     

 The possible reasons for the reduction in melting point of solders could be due 
to the increase in the surface instability with the higher surface free energy rendered 
by the addition of SWCNTs. Also, the size effect of CNTs can significantly alter 
the grain boundary/interfacial characteristics of solders, resulting in such a change 
in physical properties  [29 – 31] . 

 It can be seen from Table  19.1  that both nanocomposite solders show decreasing 
melting points and onset temperatures with increasing nanotube content. However, 
the Sn–Ag–Cu/SWCNT system shows a much lower melting temperature than the 
Sn–Pb/SWCNT system. This was mainly attributed to the good adhesion between 
the nanotube and Ag 

3
 Sn of the lead-free solder matrix. 

 Table 19.1    Onset and melting temperatures of Sn–Pb, Sn–Ag–Cu composite solders  

 Wt% SWCNT  63Sn–37Pb  Sn–3.8Ag–0.7Cu 

 Onset temp. (°C) 
 Melting temp. 
(°C)  Onset temp. (°C) 

 Melting 
temp. (°C) 

 0  181.1  183.3  217.7  221.0 
 0.03  181.1  182.8  217.1  220.1 
 0.08  180.2  182.2  216.4  219.8 
 0.1  179.5  182.0  216  219.3 
 0.3  179  181.9  215.6  218.9 
 1  176.3  181.1  213.4  217.9 
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Fig. 19.6 DSC thermographs for a heating rate of 10°C/min for (a) 63Sn-37Pb solder, (b) 63Sn-
37Pb + 0.3 wt% SWCNT

Fig. 19.7 DSC thermographs for a heating rate of 10°C/min for (a) Sn-3.8Ag-0.7Cu, 
(b) Sn-3.8Ag-0.7Cu + 1 wt% SWCNT

 Addition of SWCNTs has resulted in lowering the melting point of the Sn–Ag–
Cu and Sn–Pb composite solders by only 3.4 and 1.5°C, respectively. This lowering 
is not large and the resultant nanocomposite solders can readily be adopted with the 
current recommended reflow conditions.  

  19.3.4 Electrical Conductivity 

 Figure  19.8  shows the variation of the electrical conductivity of the Sn–Pb and Sn–
Ag–Cu composite solders with SWCNT weight percent. The electrical conductivi-
ties of Sn–Pb and Sn–Ag–Cu solder are 10.58% IACS (International Annealed 
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Copper Standard) and 14.29% IACS, respectively. It is evident from the graph that 
increasing the SWCNT content increases the electrical conductivity of the composite 
solders. The electrical conductivity of the Sn–Pb-based composite solders increased 
from 10.58% IACS to 11.04% IACS with the addition of 0.05 wt% of SWCNTs. 
Further addition of SWCNTs increased the conductivity value to 11.86% IACS. 
This increment is ∼12% higher than the parent Sn–Pb alloy. A similar behavior is 
noted for the Sn–Ag–Cu-based composite solders. The room temperature conduc-
tivities of the bare Sn–Pb and Sn–Ag–Cu are comparable with those in the literature 
 [27] . Similar increments in conductivity have been observed with epoxy nanotube 
composites  [32] .  

 The trend of increasing electrical conductivity of the nanocomposite solders 
with increasing amounts of SWCNT addition can be explained by the fact that at 
the percolation threshold, there is a network structure of nanotubes surrounded by 
the immobilized solder matrix. Even if the nanotubes do not touch each other, con-
ductivity of the nanocomposites is increased as long as the distances between the 
tubes are lower than the hopping distance of the conducting electrons  [33] .  

  19.3.5 Contact Angle 

 Figure  19.9  shows the contact angles measured for both Sn–Ag–Cu and Sn–Pb 
solders as a function of SWCNT content. As can be seen, the contact angle for both 
composite solders first decreases with SWCNT content up to about 0.1 wt% before 
increasing. The minimum value for Sn–Pb solder composite was 15.8° at 0.08 wt% 
SWCNT, while the minimum for Sn–Ag–Cu solder composite was 27° at 0.1 wt% 
SWCNT. The contact angle measured for Sn–Ag–Cu was 34.2°, which is very 
similar to the value reported by other researchers in the literature  [27] .  

  Fig. 19.8    Electrical conductivity of Sn–Pb and Sn–Ag–Cu composite solders vs. SWCNT 
content       
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 The effect of nanotube addition on the wettability can be explained as follows. 
An increase in the flux-copper surface energy or decrease in flux-solder surface 
energy will decrease the contact angle, thus increasing the wettability. SWCNT 
addition that promotes these changes will result in improved wettability. It is 
expected that increasing the SWCNT content to a certain extent could greatly 
increase the flux-solder surface tension because of chemical reactions. Similar find-
ings have been reported by Loomans  [34]  for lead-free solder systems.  

  19.3.6 Wettability 

 The spreading area and wetting area of a fixed mass of solder were used to evaluate 
wettability  [35] . Figure  19.10  shows the spreading area measured for both compos-
ite solders. This figure reveals a similar trend as the contact angle results. For both 
composite solders, the spreading area increases with SWCNT content up to about 
0.1 wt% before decreasing. The maximum value for Sn–Pb solder composite was 
159.5 mm 2  at 0.08 wt% SWCNT, while the maximum for Sn–Ag–Cu solder com-
posite was 128.5 mm 2  at 0.1 wt% SWCNT.  

 It is believed that the addition of nanotubes enforced the orbital interaction 
between the tin atoms and the copper atoms and greatly improved the spreading 
area. However, further addition of nanotubes beyond a critical concentration dete-
riorated the wetting properties and reduced the spreading area of the composite 
solders. If there is a high level of nanotubes in the composite solder, tin atoms can 
no longer play the important role of base metal, since the orbital reaction between 
nanotubes and tin atoms is not strong. Therefore, the spreading area and wettability 
are worse with increasing levels of nanotubes beyond a certain critical value.  
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  Fig. 19.9    Contact angles of composite solders on copper substrates with varying contents of 
SWCNT       
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  19.3.7 Microhardness 

 Figure  19.11  gives the microhardness values of the composite solder alloys as a 
function of SWCNT loading. Each value presented was obtained from an average 
of seven readings at different locations within each composite solder sample. A 
trend of increasing microhardness with SWCNT content was observed for both 
composite solder alloys. Microhardness tests show indeed that the SWCNT-rein-
forced Sn–Ag–Cu composite solders have slightly higher hardness than the 
SWCNT-reinforced Sn–Pb solder. The average microhardness of the Sn–Pb + 0.5 
wt% nanotube composite solder is ∼16.5% higher than that of the Sn–Pb solder 
alloy, whereas 1 wt% addition of SWCNT to Sn–Ag–Cu solder resulted in nearly 
18% improvement in the microhardness value as compared with the original Sn–
Ag–Cu solder alloy.   

  19.3.8 Tensile Properties 

  19.3.8.1 Yield Strength 

 The influence of nanotube addition on the yield strength of both composite solders 
has been investigated and plotted in Fig.  19.12 . It can be seen that the yield strength 
of both composites increases with the nanotube content. It is interesting to note that 
in the case of Sn–Ag–Cu composite solders the yield strength increases continuously 

  Fig. 19.10    Variations of the spreading area for composite solders with different weight percent 
of SWCNT       
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with nanotube content, while for Sn–Pb solders, the yield strength reaches a maxi-
mum value at 0.3 wt% of nanotube addition before decreasing. In both cases, it was 
found that it was impossible for the solders to absorb more than 1 wt% of SWCNT. 
The maximum increase in yield strength for Sn–Ag–Cu solder composite at 1 wt% 
of nanotube reinforcement was 52.9% higher than that of its pure counterpart, 
whereas the maximum increase in yield strength achievable for Sn–Pb solder was 
∼18% at 0.3 wt% of nanotube addition.   

  19.3.8.2 Ultimate Tensile Strength 

 Figure  19.13  shows typical variations of the ultimate tensile strength (UTS) of Sn–
Pb-based composite solders in comparison with Sn–Ag–Cu-based composite solders 

  Fig. 19.11    Microhardness variation of the composite solders with different weight percent of 
SWCNT       

Wt% of SWCNTs

M
ic

ro
h

ar
d

n
es

s(
M

P
a)

Sn-Pb Sn-Ag-Cu

0

50

100

150

200

0 0.05 0.1 0.3 0.5 0.8 1

  Fig. 19.12    Variations of yield strength of composite solders with weight percent of SWCNT       
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as a function of different concentrations of SWCNTs. All the measured tensile 
strengths of nanocomposite solders exhibited very small deviations. The trends 
observed are similar to the effect of nanotube addition on the yield strength. The 
UTS of Sn–Ag–Cu solder specimens increase monotonically with increasing 
SWCNT while the UTS of Sn–Pb reached a maximum at 0.03 wt% of SWCNT 
before declining. The maximum UTS of Sn–Pb-based composite solders achieved 
with the addition of 0.3 wt% of SWCNTs was ∼26% higher than that of undoped 
Sn–Pb solder. The effect of SWCNT on the UTS of solder is similar to its effect on 
polymers  [32] . A maximum increase of about ∼51% was observed for the Sn–Ag–
Cu solder. The improvement in the tensile strength may be caused by the strong 
interactions between the solder matrix and the SWCNTs, which leads to good dis-
persion of SWCNTs in the nanocomposites. These well-dispersed SWCNTs may 
be the reason for the increase in the tensile strength. However, when the content of 
SWCNT is too high, the SWCNTs cannot be properly dispersed in the solder 
matrix and agglomerate into clusters because of the huge surface energy of 
SWCNTs  [36  ]. This probably caused the decrease of tensile strength as observed 
in the case of Sn–Pb solder doped with more than 0.3 wt% nanotube.   

  19.3.8.3 Tensile Modulus 

 The variation of tensile modulus of both composite solders (Sn–Pb and Sn–Ag–Cu) 
with weight percent reinforcement of SWCNT is shown in Fig.  19.14 . As with the 
yield strength and UTS, the tensile modulus for Sn–Ag–Cu composite solder 
increases monotonically with weight percent reinforcement of SWCNT while that 
for Sn–Pb has a maximum at 0.3 wt%. The general increase of tensile modulus with 
weight percent of SWCNT is probably due the reinforcing effect imparted by the 
nanotubes that allowed a greater degree of stress transfer at the grain boundaries. 
A possible explanation can be given for the behavior for Sn–Pb composite solders 
by assuming a similar state of high-quality dispersion for all nanocomposites after 

  Fig. 19.13    Effect of SWCNT loading on UTS of Sn–Pb and Sn–Ag–Cu composite solders       
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the sintering process. An increasing amount of agglomerates in the sintered composite 
was observed for the SWCNT/Sn–Pb solder composites with nanotube content 
above 0.3 wt%. We propose these agglomerates to be a result of reagglomeration, 
which reduces the Young’s modulus more significantly. The largest modulus of 
Sn–Ag–Cu composite solder was 12,642 MPa at 1 wt% SWCNT, which is almost 
98% higher than the value of 6,385 MPa for the original solder. The largest modulus 
for Sn–Pb composite solder was 14,216 MPa at 0.3 wt% CNT, which represents an 
increase of 53% over the value of 9,276 MPa for the original solder.   

  19.3.8.4 Ductility 

 Ductility was quantified by measuring the plastic strain to failure. Appreciable 
ductility was measured for both Sn–Pb and Sn–Ag–Cu composite solders. A plot 
of ductility (percent elongation) as a function of SWCNT loading is shown in Fig. 
 19.15 . The tests demonstrated a downward trend of percent elongation with 
increase in the SWCNT content for both composite solders. Sn–Ag–Cu solder 
shows a 33.3% elongation at break. Almost 26.6% elongation at break was found 
for 0.1 wt% of SWCNT added. The elongation to failure was observed to be 23.8% 
at 1 wt% of SWCNT addition, which is ∼27% lower than that of the virgin Sn–Ag–
Cu solder matrix. This indicates that adding the nanotubes to Sn–Ag–Cu solder 
material increases brittleness, which is consistent with the previous studies of com-
posite solders reported by Chen et al.  [37] . As shown in Fig.  19.15 , the percent 
elongation of 0.03 wt% reinforced Sn–Pb solders was obviously lower than that of 
pure Sn–Pb solders; the elongation decreases with increasing SWCNT content 
from 0.03 to 0.5 wt%. At 0.5 wt% SWCNT, the ductility is ∼24% lower than that 
of the Sn–Pb solder. From this, it is evident that both composite solders showed an 

  Fig. 19.14    Variation of the tensile modulus of composite solders with weight percent of 
SWCNT       
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increase in brittle characteristics due to the rigidity of the composite solder matrix 
as SWCNT content increased. In all the cases, the elongation to failure decreases. 
The major reason is that SWCNTs included into the solder matrix behave like 
physical constraints and restrict the deformation of the solder matrix.   

  19.3.8.5 Work of Fracture 

 Figure  19.16  shows a plot of the work of fracture vs. various SWCNT loadings for 
the Sn–Pb and Sn–Ag–Cu composite solders. However, the work of fracture of 
Sn–Ag–Cu composite solders did not vary linearly with increase in SWCNT 
content. Maximum and minimum values were observed in this case. The mini-
mum work of fracture was observed at 0.5 wt% addition of SWCNT while the 
maximum was observed for the undoped Sn–Ag–Cu solder. For Sn–Pb solder, 
the minimum work of fracture occurred at 0.8 wt% CNT while the maximum was 
observed for the undoped Sn–Pb solder.    

  19.3.9 Strengthening Mechanisms 

  19.3.9.1 Grain Size Refinement 

 Table  19.2  gives the grain size values measured using image analysis for both com-
posite solders with and without reinforcement of nanotubes. As is common in 
composite materials, the grain size decreases as the weight fraction of reinforcement 
addition increases. Since nanotubes may act as nucleation sites for recrystallized 

  Fig. 19.15    Ductility of nanocomposite solders as a function of SWCNT content       
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grains during sintering, the volume fraction of recrystallization grains increases 
when the reinforcement volume fraction increases; it can be observed that as the 
weight fraction of the SWCNT rises, the grain size of the composite solder dimin-
ishes, causing strengthening by the Hall–Petch mechanism. SWCNTs control the 
grain size of the composite solders, since they prevent grain growth. This grain size 
refinement can be clearly seen in the microstructure of the composite solders shown 
in Fig.  19.3 . The Hall–Petch relation can be formulated as follows:

 
s sH o= +

k

D  

where  s  
H
  = yield stress,  s  

o
  = friction stress,  k  = constant,  D  = grain size.     

 The yield stress increases as the grain size of the composite diminishes.  

  19.3.9.2 CTE Mismatch 

 63Sn-37Pb solder has a CTE of 25.8 × 10 –6 /°C, while SWCNTs exhibit a much 
lower CTE of −1.5 × 10 –6 /°C  [36] . Hence, in the SWCNT-doped Sn–Pb solders 
there exists a significant CTE mismatch between the SWCNT reinforcement and 

  Fig. 19.16    Influence of SWCNT content on the work of fracture of Sn–Pb and Sn–Ag–Cu com-
posite solders       
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 Table 19.2    Grain sizes of the Sn–Pb, Sn–Ag–Cu com-
posite solders  
 Solder alloy  Grain size (µm) 

 63Sn–37Pb  5.12 
 63Sn–37Pb + 0.3 wt% CNT  1.08 
 Sn–3.8Ag–0.7Cu  3.75–4.25 
 Sn–3.8Ag–0.7Cu + 1 wt% SWCNT  0.5–0.8 
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the solder matrix. This CTE mismatch can result in the prismatic punch of the dis-
locations at the interface, which in turn can lead to the work hardening of the solder 
matrix. The dislocation density that is generated due to the CTE mismatch between 
the reinforcement and the solder matrix is directly proportional to the surface area 
of the reinforcement. The diameter of a SWCNT is very small leading to a lower 
density of Griffith flaws. Because of the lower Griffith flaws, the number of dislo-
cations generated is likely to be higher, which in turn could result in the increased 
strengthening effect. 

 The dislocation density can be formulated as

 
r

eC SWCNT

SWCNT SWCNT

=
−

10

1

A f

f bd( )
,
 

where  f  
SWCNT

  is the weight fraction of the SWCNTs,   ε    is the misfit strain due to the 
difference in the CTE values of SWCNT and solder matrix,  b  is the Burgers vector, 
and  d  

SWCNT
  is the diameter of the SWCNT. 

 The increment in stress can be indicated by

   ∆σ
C

C= 3am rb ,    

where  µ  = modulus of rigidity of the solder,  b  = Burgers vector,  a  = constant.  

  19.3.9.3 Orowan Mechanism 

 The interaction between the dislocations and the SWCNTs can inhibit the motion 
of the dislocations, leading to bending of the dislocations between the nanotubes. 
Bending of dislocations produces a back stress, which could prevent further dislo-
cation migration and result in an increase in yield stress. The Orowan mechanism 
is less significant in the metal matrix composites where the reinforcements are 
generally coarser in shape and the interparticle spacing is large, but it is more effec-
tive in the SWCNT-reinforced composites as the nanotubes effectively represent the 
fine particles having very narrow diameters of the order of a few nanometers. In this 
manner, SWCNT can effectively strengthen the solder matrix by interacting with 
the dislocations. 

 Thus, the increment in the shear strength of the composite solders can be written 
as follows:

   ∆t m= K A b r r r1 2 2/ / ln( / ),o    

where  K  = a constant characterizing the transparency of the dislocation forest for 
basal–basal dislocation interaction,  µ =  modulus of rigidity of the solder matrix, 
 r  = volume equivalent radius of SWCNT = 7.087 nm,  b  = Burgers vector,  A  = con-
stant = 0.093 for edge dislocations, and 0.14 for screw dislocations.  
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  19.3.9.4 Residual Stresses 

 The CTE mismatch between the nanotubes and solder matrix resulted in the 
presence of residual stresses in the composite solder. The solder matrix remains in 
tension and the reinforced nanotubes in compression. A similar situation was 
observed when the metal matrix composites are reinforced with ceramic reinforce-
ments  [34] . Presence of residual stresses can also lead to the increment in the yield 
stress of the composite solders. 

 It is possible to conclude from the earlier discussion that the increment in yield 
strength and UTS of the composite solders has three main contributions: the grain 
size refinement, increase in dislocation density due to the CTE mismatch between 
the solder matrix and nanotubes, and the Orowan looping mechanism. 

 The decrease in ductility of the composite solders can be explained by the 
following mechanism. The reduction of ductility with the higher reinforcement 
addition is a very common phenomenon observed in metal-matrix-based compos-
ites  [31] . The main reason may be the limited ductility exhibited by SWCNTs  [32] . 
In addition, the SWCNTs may restrict the movement of dislocations either by 
inducing the large difference in the elastic behavior between SWCNTs and the 
matrix or by creating the stress fields around the dislocations.   

  19.3.10 Fracture Studies 

 Fracture surfaces of Sn–Pb composites are shown in Fig.  19.17a, b . The lower 
magnification topographies, which are represented, indicate extreme ductile fracture 
modes, characterized by dimples on the surface. Closer observations at higher 
magnifications shown in Fig.  19.18a, b  demonstrated the breakage of nanotubes.  

 Figure  19.17a  shows the fractograph of the Sn–Pb solder specimens. The 
fracture surface shows evidence of high ductility with the dimples. However, the 

Fig. 19.17 Low magnification FE-SEM micrographs of the fracture surfaces of the Sn–Pb solder 
composite specimens with (a) 0.01 wt%, (b) 0.5 wt% SWCNT
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composite solders reinforced with nanotubes exhibited a limited ductility; the frac-
ture occurred normal to the loading axis as is shown in Figs.  19.17  and  19.18 . 
Figure  19.18  indicates that after tensile deformation, the solder matrix adheres well 
to the nanotubes due to the highly ductile nature of the matrix alloy. Dimples were 
observed on the composite solder surfaces in the region between the nanotubes and 
solder matrix. The nanotubes appeared to have been cut at the surfaces. From this 
observation, it can be inferred that the fracture took place in the solder matrix by 
void generation, propagation and finally resulting in the shearing of the nanotubes 
adhered to the matrix. This indicates that strong interface bonding has been devel-
oped in the nanotube-reinforced solder composites. 

  19.3.10.1 Fracture Mechanism for Sn–Pb Composite Solders 

 It is evident from the fractographs shown in Fig.  19.18  that the direction of the 
internal cracks in the composites is normal to the tensile loading axis. Here no nan-
otube pullouts were observed. According to these findings, it is noted that the crack 
was initiated in the solder matrix and then propagated and sheared through the 
nanotube reinforcements. These findings are consistent with the strong interfacial 
bonding between the solder matrix and the nanotubes. 

 According to Lloyd  [33 ,  34] , there are three possible ways that fracture behavior 
can be observed in composite materials. (1) If the interface between the reinforce-
ment and the matrix is weak, the crack can initiate and can propagate through the 
interface. (2) If the interface and the matrix are both strong, the reinforcement can 
be loaded up to the fracture stresses and then be cracked. (3) If the matrix is weaker 
than the interfacial and reinforcement strengths, the fracture may occur in the 
matrix by void coalescence and growth mechanism. In the present SWCNT-based 
composites, the fracture mechanism observed can be described as follows. The 

CNTs

CNTs

1µm 1µm

a b

  Fig. 19.18    High magnification FE-SEM fractrographs of Sn–Pb composite solders with ( a ) 0.01 
wt%, ( b ) 0.5 wt% SWCNT       
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fracture probably initiated in the relatively weaker solder alloy matrix rather than 
at the solder–nanotube interface or in the nanotube. The fracture can be initiated by 
void nucleation and propagation. When the crack reaches the nanotube–solder 
matrix interface, the nanotube–solder matrix interface does not separate due to the 
high interfacial bonding. Consequently, high stresses will be developed at the nano-
tubes causing them to be sheared off when their failure stress is reached.  

  19.3.10.2 Fracture Mechanism for Sn–Ag–Cu Composite Solders 

 The detailed fracture behavior of Sn–Ag–Cu composite solder specimens was 
revealed by extensive fractographic observations. SEM was performed at high magnification 
to probe the fractured specimens that were deformed during tensile loading. Typical 
FE-SEM micrographs of fracture surfaces at lower magnification with the various 
additions of nanotubes are shown in Fig.  19.19 . As can be seen in Fig.  19.20 , the 
fractured surfaces of the composite specimens mainly consist of matrix dimples and 

Fig. 19.19 Low magnification FE-SEM micrographs of the fracture surfaces of the Sn–Ag–Cu 
composite solder specimens with (a) 0.01 wt%, (b) 1 wt% SWCNT

 
10µm

dimples 

ba

10µm

dimples

  Fig. 19.20    High magnification FE-SEM micrographs of the fracture surfaces of the Sn–Ag–Cu 
composite solder specimens with ( a ) 0.01 wt%, ( b ) 1 wt% SWCNT       
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fractured nanotubes. These observations are consistent with those reported in the 
literature where MWCNTs were employed  [31] . From the fractured surface, it is 
observed that SWCNTs are vertically aligned to the fracture surface during the 
tensile deformation of the composite solder specimens and this alignment might be 
one of the reasons for the increase in the strength of the composite solders. A similar 
effect has been observed in SiO 

2
 -based CNT composites  [31] .  

 Figure  19.20  shows that cracks run through the SWCNTs that remain in the matrix 
of the solders. It is evident that fracture occurred mostly by the failure of the matrix 
and not by the debonding of the interface between SWCNT and solder matrix. There 
is some evidence of partial debonding at the interface between Ag 

3
 Sn and the lead-free 

solder matrix, but none at the interface between SWCNT and the solder matrix. 
 Because of the high aspect ratio of SWCNTs, microcavities may form at the ends 

and this is one of the ways by which microcavities are formed inside the matrix. 
From Fig.  19.3 , it is clear that Ag 

3
 Sn has the equiaxed grain shape, compared with 

SWCNTs. As the deformation increases, the microcavities that already exist in the 
matrix grow parallel to the tensile loading axis, and the deformation becomes local-
ized into intense shear deformation zones in which the Ag 

3
 Sn grains can be completely 

debonded to form voids. Subsequently, these voids in the shear deformation zones 
combine with the microcavities at the ends of the SWCNTs to cause the failure of 
the solder matrix. Final failure occurs through the breakage of the SWCNTs.   

  19.3.11 Solder Joint Strength with Copper Substrate 

 Figure  19.21  illustrates the influence of the nanotube addition on Cu–solder–Cu 
joint strength under tensile loading conditions. It can be seen that the strength of 
the solder joints increased after the incorporation of nanotubes into the solder 
alloys. For Sn–Ag–Cu solder, the strength of the joint increased monotonically with 
the content of SWCNTs. The joint strength at 1 wt% was 59.1 MPa, ∼32% higher 

  Fig. 19.21    Tensile joint strength values of Sn–Pb and An–Ag–Cu composite solders as functions 
of weight percent of SWCNT       
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than the value for the undoped Sn–Ag–Cu solder. For Sn–Pb composite solders, the 
joint strength first increased with SWCNT content, reached a maximum, and then 
decreased. The maximum joint strength reached was 50.8 MPa with 0.3 wt% 
SWCNT, which was ∼37% higher than that for the undoped Sn–Pb solder.   

  19.3.12 Creep-Rupture Analysis 

 The creep-rupture life of both the Sn–Pb and Sn–Ag–Cu composite solders as a function 
of SWCNT content is presented in Fig.  19.22 . Creep rupture life of both composites 
increased with increasing SWCNT content. In the case of Sn–Ag–Cu composite solders, 
the increase is monotonic, reaching a value of 14,043 min with a SWCNT content of 
1 wt%, which is about six times the creep rupture time for the undoped Sn–Ag–Cu solder. 
In the case of Sn–Pb composite solders, however, the creep rupture time first increases, 
reaches a maximum at 0.1 wt% CNT, and then decreases with further increase of 
SWCNT content. The maximum creep-rupture life attained for Sn–Pb composite solder 
was 3,324 min, which is 8.29 times higher than the value for the undoped Sn–Pb solder.    

  19.4 Conclusions  

 The goal of this work was to produce and characterize novel SWCNT-reinforced 
composite solders for fine-pitch wafer-level packaging applications. Composites of 
Sn–Pb and Sn–Ag–Cu solders and SWCNTs were prepared by a sintering process. 

  Fig. 19.22    Creep-rupture times of the Sn–Pb and Sn–Ag–Cu composite solders as a function of 
weight percent of SWCNT       
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Microstructural studies of the composite solders confirmed the uniform and 
homogenous distribution of nanotubes in the solder matrix. Nanotube addition also 
resulted in grain refining. CTEs of the composite solders were found to decrease 
with increasing weight content of nanotubes. It was found that the melting point of 
composite solders was lowered with increasing content of SWCNT but the decrease 
is not substantial and can readily be integrated with existing manufacturing condi-
tions. The contact angles and wettability of composite solders on copper substrates 
were studied. Among the solders tested, Sn–Pb  + 0.08 wt% SWCNT and Sn–Ag–Cu 
+ 0.1 wt% SWCNT exhibited the lowest contact angle and highest spreading area, 
indicating excellent wettability. Microhardness values improved with the amount of 
nanotube addition for both the composite solders due to homogenous dispersion of 
nanotubes throughout the solder matrix. Mechanical properties such as modulus, 
yield strength, and UTS showed improvement with the nanotube addition. It was 
found that for Sn–Ag–Cu solder, the improvement in mechanical properties 
increased monotonically with SWCNT content while for Sn–Pb solder, the improve-
ment first increased and reached a maximum before decreasing. SEM fractographs 
of the composite solder specimens revealed the ductile fracture mode of the compos-
ites, which is characterized by dimples. The addition of nanotubes significantly 
improved the creep-rupture life of both Sn–Pb and Sn–Ag–Cu composite solders.      
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   Chapter 20   
  Nanowires in Electronics Packaging        

Stefan Fielder(*ü ),      Michael   Zwanzig   ,    Ralf   Schmidt,    and    Wolfgang   Scheel      

  20.1 Introduction  

 In the light of continuous miniaturization of traditional microelectronic  components, 
the demand for decreasing wire diameters becomes immediately evident. The observa-
tion of metallic conductor properties for certain configurations of carbon nanotubes 
(CNT) and their current carrying capability  [1]  set the minimal diameter of a  true  wire 
to about 3 nm (compare Chap. 15). Investigations are in progress even below that 
diameter on nanocontacts, formed by single metal atoms, i.e., quantum wires. Quantum 
wires can be produced by mechanical wire breaking  [2] , its combination with etching 
and deposition  [3] , or other techniques. The properties of quantum wires are only 
about to be understood theoretically  [4] . Doubtless, they are worth considering for 
packaging solutions in molecular electronics to come  [5] . In this chapter, we focus on 
metal wires and rods in the size range above 10 nm up to submicron diameters, evalu-
ated already to be attractive for microelectronic packaging purposes. Techniques to 
generate, to characterize, and to handle them, as well as their interaction with electro-
magnetic fields will be useful for packaging applications in the age of nanotechnology. 
With the wealth of information available, this review focuses on general trends and 
starting points for deeper study. Although the cited references are representative, they 
cannot be complete, since numerous activities are ongoing to produce and to character-
ize new kinds of wire-like geometries from different materials. 

 Packaging-specific applications of nanowires (NWs) lie mainly in the fields of 
interconnect formation, sensor development, and photonics. Given the common 
understanding of a wire, one would expect NWs to be usually cylindrical conductive 
strands with diameters below 100 nm, ideally of infinite length, but at least elon-
gated. Whereas common wires are drawn from metal rods, NWs cannot be produced 
by wiredrawing and do not necessarily consist of a metal or one single material. But 
approaches to  draw  electrically conductive polymer NWs in electronic circuitry by 
initiating chain polymerization with a STM cantilever do exist  [6] . 
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 Although rod-like colloidal structures are often mentioned as NWs in the litera-
ture, they should rather be regarded as rods or crystal needles. If they consist of 
metals, we include at least typical publications. Nevertheless, we exclusively focus 
on metallic wires and wire-like structures, even if they are fixed to a solid substrate 
as pillars or come as brushes or lawn-like structures. Supramolecular wire-like 
geometries are also depicted as  molecular NWs , such as in the case of tropomyosin 
fibers, whose length and diameter can be directed by Na +  or Mg 2+  concentration  [7] . 
Deoxyribonucleic acid (DNA) can form molecular NWs  [8] , which in turn can be 
used as templates to produce true metal NWs (see later). Especially alien to tradi-
tional electronic engineering are charge-transfer complexes of wire-like geometries. 
Such supramolecular NWs, e.g., porphyrin NWs generated by ionic self-assembly, 
perhaps can be used in microelectronic devices – thanks to their photocatalytic 
activity  [9]  and hence switchability. Those NWs fall beyond the scope of the 
present work. If molecular wires are largely short structures, seldom extending 
the micrometer scale, CNTs can reach even millimeter length scales and are therefore 
just as interesting for microelectronic packaging. They have been proposed, e.g., as 
transistor elements in logic circuits, field emitting structures, or vias  [10 – 15] . NWs 
and nanotubes can be produced from semiconductor materials such as silicon, gal-
lium nitride, or others. Because of the familiarity of microelectronics with those 
materials they could become even more important for sophisticated future microe-
lectronic applications  [16 ,  17] . Their synthesis and integration into classical planar 
technology, e.g., by the superlattice NW pattern transfer (SNAP)  [18]  and resulting 
application perspectives have been reviewed recently  [19 – 22] . Excluded from this 
compilation are all sorts of oxide and multicomponent oxide NWs, e.g., ZnO. We 
consider them to be more important for sensors due to well-measurable conductivity 
changes with analyte adsorption  [23] . 

 Our own results in production, characterization, and application of gold submi-
cron wires in the shape of nanolawn have been included to share the excitement of 
NW packaging research, connecting usually separated fields like low-temperature 
joining and interfacing electronics with biological cells.  

  20.2  Nanowires and Packaging Research  

 Reliability issues arising from contemporary microelectronic applications have wid-
ened the scope of packaging over the last decades remarkably. Modern packaging 
research for the development of sustainable technologies covers photonics, optical 
waveguide and fiber integration, (bio)microfluidics, joining, thermal management, 
wire-, wafer-, and flip-chip bonding, soldering and encapsulation, foil batteries and 
energy harvesting, and includes also solid mathematical modeling and simulation. 
This is shown in too many publications and annual reports to be reviewed here. 

 Metal NWs can be attractive for packaging in nearly every field mentioned  [24]  
due to unique properties in comparison with mesoscaled and bulk materials. Their 
functional role as interfaces has been envisioned for future microelectronic applica-
tions toward 3D nanostructure integration  [25] . Characteristics, production methods, 
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and proposed applications of metallic NWs have been reviewed in depth previously 
 [26 – 35] . Recent international research activities, evaluated and ranked by citation, 
indicate US leadership until 2005  [36] . Main international research institutes, engaged 
in microelectronic packaging in alphabetical order of the country, are as follows:

  •  Inter-University Micro Electronics Centre (IMEC), Belgium  
 •  VTT Technical Research Centre of Finland/VTT Electronics, Finland, and Oulu 

University Electronics Materials, Packaging and Reliability Techniques, Finland  
 •  Laboratoire d’Electronique de Technologie de l’Information (LETI), France  
 •  Fraunhofer Institute Reliability and Microintegration (IZM), Germany  
 •  Central Electronics Engineering Research Institute (CEERI), India  
 •  Tyndall National Institute, Ireland  
 •  Korea Advanced Institute of Science and Technology/Center for Electronic 

Packaging Materials (CEPM) and Samsung Advanced Institute of Technology 
(SAIT), Korea  

 •  Philips Research Laboratories, Eindhoven, The Netherlands  
 •  Institute of Microelectronics (IME), Singapore  
 •  Industrial Technology Research Institute (ITRI), Taiwan  
 •  Packaging Research Centre at Georgia Institute of Technology, USA     

  20.3 Nanowires: Fabrication  

 In the plethora of production principles and approaches, nevertheless typical ones 
can be distinguished and will be presented later. The reproducible generation of 
metal NWs with identical diameters can be dated back until 1970, when Possin 
described metal deposition inside etched tracks of high-energy charged particles in 
mica and proposed to use this method to form NWs in track-etched polymers as 
well  [37] . The technological importance of such tracks had been foreseen even earlier 
 [38] . Many more applications for swift ions in nanoscale microelectronics have been 
designed independently  [39] . Unilaterally etched pores in flex substrates have 
been proposed for improved copper adhesion  [40] . For wire diameters above some 
tens of nanometers, the use of exotemplates is still the most important production 
technique so far  [41] . Depending on the application, such templates can serve as the 
scaffold remaining after metal filling by the formation of composites, e.g., dipole 
storage devices  [42] . But the exotemplate can also be dissolved yielding a lost form 
approach to produce suspended single wires or more complex metal nanostructures. 
Exotemplates are also suited to produce wires consisting of conductive polymers 
 [43 ,  44] . The most important (hard) exotemplates are anodic aluminum oxide 
(AAO) and track-etched polymer membranes (TEM). 

  AAO   [45]  offers electrochemically tunable nanopores in a rigid matrix and there-
fore finds wide application for single wire and wire array production  [46 – 49]  even 
at a very large scale  [50] . Dispersions of high aspect ratio wires can be produced 
 [51] , or layers of anisotropically conductive or magnetically polarizable materials 
in dielectric matrices can be prepared. Beside the standard aqueous metallization 
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baths used, AAO is especially suited for plating from aprotic media, due to its high 
stability in organic solvents  [52] , opening a way toward electrochemical deposition 
of NWs consisting of metals with low redox potential (below hydrogen), like Al or 
Ti  [53] . Because of its high stability, AAO has been also used for NW production 
by high-pressure filling with molten metals; for a compilation, see  [35] . 

  Etched ion track polymer membranes  (TEM) are other practically important 
exotemplates. Polyethylene terephthalate, polycarbonate  [54 ,  55] , or even polyimide 
 [56]  are typically used for their reproducible etchability  [57] . Isodiametric and 
nearly monodisperse shape distributions can be generated following standard etching 
protocols  [58] . Pore diameters in those materials reach about 0.002–1 µm for AAO 
and 0.010–20 µm for TEM. The density of the stochastically distributed pores in 
TEM can be chosen from a single pore  [59 ,  60]  up to ~109 cm −2  depending on the 
desired pore diameter  [61] . The percolation-based electrochemical pore etching in 
aluminum allows pore densities of AAO templates up to ~1,011 cm −2  (e.g., com-
mercially available ANOPORE™ and ANODISK™ inorganic aluminum oxide 
membrane filters). Whereas the distribution of pores in TEM follows statistics ful-
filling Poissonian distribution criteria  [62 ,  63] , pores in AAO are always densely 
arranged. They can even be hexagonally packed over small domains, and if com-
bined with imprinting  [64]  even over the whole area of a wafer  [65] . The typical 
distances between single pores (i.e., insulating material around neighboring wires) 
reach the same dimension as the pore diameter for wires generated in AAO. The 
typical distances of pores in TEM without special precautions (e.g., mask or shutter) 
will always vary due to the inherent statistics of high-energy particles used. 
Therefore the distances between metal wires in ensembles generated with TEM, 
like the nanolawn introduced by us  [66] , are varying too. With commercially available 
TEM (Nucleopore™, SPI-pore™, Cyclopore™ – to name a few brands only) 
pore-to-pore distances vary between 0 and 2 µm at a pore density of 106 cm −2  on 
track-etched foils. 

 Supramolecular assemblies can work as exotemplates as well: Self-assembling 
calix  [4]  hydroquinones form in aqueous photochemical solutions chessboard-like 
arrays of very narrow rectangular pores. Such pores have been used as silver-ion reduc-
ing templates in a process resembling photochemical development. Stable NW arrays 
consisting of 0.4-nm wires grown up to micrometer length have been prepared  [67] . 

 Molecular endotemplates  [68] , characterized by inner (bio)molecular scaffolds 
(especially proteins, lipids, and DNA) in combination with a  toning approach   [69 – 76] , 
or bioparticles, e.g., tobacco mosaic virus, are suitable for metal wire production 
 [77]  and should be mentioned as alternatives. Such a nanobiotechnological 
approach in combination with microelectronic technologies offers another additional 
advantage: the localized maneuverability of inorganic (conducting) structures, as 
shown for gold wires, driven by highly specific biochemical molecular machines 
(e.g., actin–myosin interaction) and a molecular fuel  [78] . The metallization of 
(bio)polymer endotemplates offers additional advantages for complex 3D arrangements 
of wires and wire networks at the microscale, because of inherent self-assembly 
principles and specifically directed labeling (addressing). Complex nanotubular 
networks as generated  naturally  by living cells on artificial substrates  [79 ,  80]  or 
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produced artificially by manipulation of liposomes  [81 – 83]  can be  transformed into 
hard-wired circuitry by gentle metallization. This approach has been demonstrated 
for DNA  [69]  and lipid tubules  [84 ,  85] . NWs can be grown also epitaxially at high 
temperatures by diffusion in grain boundaries  [86] . The similar whisker growth is 
a notorious failure mechanism causing microelectronic reliability issues, worth 
mentioning in this context. 

  The colloid-chemical approach , effectively producing homogeneous – regarding 
their composition – one-dimensional nanomaterials from salt solutions is usually 
diminished to the lower nanoscale and low aspect ratios. However, even several 
micrometer-long gold wires measuring only 15 nm in diameter have been produced 
by chemical reduction  [87] . Seed-mediated growth has been described for gold rods 
when the seeding nanoparticles have been attached to a solid substrate  [88] . The 
introduction of rod-like micellar templates, e.g., the cationic detergent CTAB, 
allows the production of suspended cylindrical gold NWs  [89] . Comparably long 
silver wires have been produced in a diameter controlled (20–500 nm) manner 
by a modified polyol process  [90]  using different growth-controlling modifi-
ers. A somewhat similar molecular shielding (templating) strategy, i.e., soft exo-
templates, comprises the use of temporarily arranged supramolecular ensembles in 
block-copolymer solutions  [91] . For a review of nanostructure-producing tech-
niques with block copolymers, see  [92] . 

 Classical photolithography and successors like deep UV lithography  [93 ,  94] , 
colloid mask/nanosphere lithography  [95] , and competing technologies, with 
nanoimprint (cold) lithography being the most ripened one among them  [96] , have 
been used to generate metal NWs directly on planar substrates. Typically, the NWs 
and NW grid arrays produced are oriented parallel to the substrate plane. Hence, 
they can be useful for applications as subwavelength metal gratings or directly as 
plasmonic waveguides and photonic crystals  [97 ,  98]  depending on a guiding 
medium in close proximity. In a top–down approach, photolithographically generated 
trenches in a resist layer can be filled forming stretched wires on a planar substrate 
 [99] . A maskless alternative based on substrate steps to fabricate wires by deposition 
has been introduced as step-edge lithography (SEL)  [100] , the principles of which 
have been used to produce molybdenum NWs (15 nm–1 µm diameter and length up 
to 500 µm). NW composites have been formed starting with electrodeposited molyb-
denum oxide wires and their reformation in hydrogen and subsequent liftoff in poly-
styrene layers  [101] . Palladium wires embedded in a cyanoacrylate film sensitive 
toward hydrogen have been prepared as well  [102] . A similar growth of metal wires 
occurs along material cracks  [103] . Among maskless NW production techniques the 
direct writing approach, either by direct atomic metal deposition  [104] , e-beam 
induced CVD  [105] , or by indirect structuring of metal substrates with small molecules 
via dip-pen technique  [106]  should be mentioned. With a sweeping AFM-
cantilever, copper NWs have been assembled from deposited nanoparticles on a 
polymer substrate and cut afterward at will  [107] . Direct writing techniques have 
been under intense investigation. To overcome seriality drawbacks, e-beam arrays 
 [108]  and cantilever arrays  [109]  have been proposed. Near-field laser nanofabrication 
has been scaled down to 80-nm resolution  [110] . Two- dimensional photonic crystal 
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structures in polymer have been produced by a combination of interference and e-
beam lithography techniques  [111] . Meanwhile, similar structures are becoming 
attractive for wire fabrication via nanoimprint techniques. 

 Other techniques to generate metal wires include assembly from suspended 
metal particles by dielectrophoresis  [112 ,  113] . Plasma-enhanced growth tech-
niques, e.g., by vapor–liquid–solid growth or vapor–solid transitions, cannot be 
covered here but could become more important for packaging, if applied at reduced 
temperatures. Single crystalline Ni NWs with diameters of 40 nm confined inside 
multiwall CNTs have been grown by a CVD process with lengths of some tens of 
micrometers  [114] .  

  20.4 Metal Nanowires: Materials  

 Nearly every electrochemically reducible cation has been deposited inside the pores 
of different exotemplates already as a wire. 

 The galvanic deposition of metals inside nanopores has been thoroughly investi-
gated from aqueous electrolytes  [115]  and from nonaqueous ionic liquids  [116]  
extending the range of available wire materials. Therefore, beside the colloid-chemical 
approach suitable for mass fabrication of nanoscale metal rods and wires  [117] , 
exotemplate methods can be used as well to prepare single wire contacts  [118]  or 
special polymer composites, requiring gram amounts of monodisperse wires  [119] . 

 Envisioned applications of periodic arrays of magnetizable wires  [120]  embed-
ded in a dielectric matrix (e.g., AAO) are information storage via perpendicular 
data recording, characterized, e.g., for arrays of ferromagnetic Ni and Co NWs by 
high remanence and coercivities  [121 ,  122] . The preparation of similar e-beam 
written pillar arrays proposed for high-density data storage  [123]  is much more 
time consuming and hence expensive. Based on their giant magnetoresistance prop-
erties, magnetic multistack layers have been considered as high-density storage 
elements  [124] . Magnetic polymers are another application of polymer composites, 
e.g., with Ni wires  [125] . The integration of oriented wires into polymer films can 
be used for anisotropically conductive interposer fabrication useful for chip inter-
connection  [126] .  

  20.5 Segmented Metal Nanowires  

 Such stacks, representing multilayered wires, can be prepared with exotemplates. 
The common practice of sequential layer plating of different metals or crystal mor-
phologies yielding functional multilayers works well for exotemplate wires, too. 
Segmented NWs may possess different spectral characteristics, depending on the 
orientation of polarized light in relation to the axis of the wires  [127 ,  128] . They 
therefore can serve as embedded identification tags (barcodes) or labels, not  disturbing 
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usual fluorescence detection of biomolecules for lab-on-chip application  [129 , 
 130] . With the stable material composition of each single wire in a large batch, 
alloy preformation for solder pastes, which is otherwise difficult to accomplish 
seems easy. Usually observed component demixing upon storage with NWs can be 
prevented. A wet chemical, electroless plating approach also can yield multilay-
ered, rather stacked wires  [131]  with a similar application potential. By a combina-
tion of template techniques and etching, segmented wires have been produced with 
 on-wire lithography   [132] , bearing potential for applications in plasmonics, since 
etched gaps can be selectively filled with different dielectrics. The catalytic activity 
of NWs and their use as catalysts  [133]  and their stability in microreactors have 
been shown  [134] .  

  20.6 Metal Nanowires: Structure and Configuration  

 NWs grown in free solution by anisotropic crystallization will always be single 
crystals, possessing smooth crystal planes. On the contrary, the structure of NWs 
cast inside a hard exotemplate naturally will reflect the inner pore structure and 
arrangement typical for a lost form approach as shown for nanolawn, i.e., nanowires 
on a flat substrate (Fig.  20.1 ).  

 As for metal plating with commercial baths, grain size can be different,  depending 
on bath composition, temperature, current density, and regime. Extreme differences 
can be illustrated by smooth, amorphous pore filling with a commercial platinum bath 
and coarse grain pore filling with a gold plating bath (Fig.  20.2 ). Obviously, condi-
tions can be found to generate wire-like crystal needles with diameters of single 
grains according in dimension to the template pore diameter. With overplating, large 
single crystals emerge. That has been described before for larger wires  [135 ,  136] .   

  20.7 Metal Nanowires: Mechanical Properties  

 The mentioned twinning is a good illustration of altered mechanical properties of 
an entire (nano)wire, caused by its single-grain spanned diameter. The electrical 
conductivity of NWs will be crucially influenced by the electrons’ mean free path 

  Fig. 20.1    Generation of a metal nanolawn on a track-etched polymer template. ( a ) Isoporous 
membrane, ( b ) sputter coating, ( c ) plating, ( d ) stripping       
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and hence crystal defects  [137] . The influence of crystal growth direction on twin 
formation during plating has been studied in this context for single crystalline Cu, 
Au, and Ag NWs with 30–300-nm diameters  [138] . In our cases, probably, plating 
bath additives are segregating at the grain boundary during annealing and facilitate 
crystal plane slip. Properties of single metal grains in wires and layers are currently 
under intense study  [139] , since necessary high-resolution analysis techniques, e.g., 
nanoindentation and EBSD detection in scanning electron microscopy are becom-
ing broadly available only now. 

 Contemporary techniques to characterize mechanical properties of one-dimensional 
nanostructures such as nanotubes and NWs have been recently reviewed  [140] . 
Since NWs have much in common with single grain layers, theoretical considera-
tions  [141]  are similar. Their deep understanding is essential for micro-nanoreliability 
issues in future packaging  [142 – 144] . Theoretical approaches for planar single 
grain layers  [145]  and gold NWs  [146]  should be identical. More investigations, as 
requested by Uchic et al. in 2004, are still necessary to separate the critical 
influence of sample size from the observed material properties  [147 – 149] . 
As already mentioned, the wire preparation conditions heavily influence the grain 
structure and crystallinity. So high-pressure injection cast wires are rather single-
crystalline  [150] .  

  20.8 Metal Nanowires and Temperature  

 So far, melting point depression, known from nanoparticle behavior  [151]  has not 
been observed for NWs yet. However, Rayleigh instability, i.e., fragmentation of 
spatially confined NWs into loose pearl-chain-like structures  [152]  – at least for 
multimetal NWs a dramatic increase of intermetallic diffusion effects – has to be 
considered. Also for homogeneous NWs, heating can cause typical recrystallization 
rearrangements. We observed dramatic grain growth at the tip of multicrystalline 

  Fig. 20.2    Crystallinity of metal wires plated in track-etched polymer pores. ( a ) Fine crystalline 
(Pt), ( b ) stacked grains of different sizes (Au), ( c ) FIB dissection of a typical gold wire, as in ( b ), 
( d ), ( e ): single crystals grown inside pores (Au), ( f ) single Au crystal grown by overplating. Scale 
bars ( a – e ): 1 µm, ( f ): 2 µm       
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wires (Fig.  20.3 ) and crystal plane slip, i.e., twinning without additional mechanical 
load. Similar crystal plane slip has been attributed to mechanical stress during sam-
ple preparation  [136]  and has been surprisingly predicted for NWs of much smaller 
size  [153] .   

  20.9 Electrical Properties  

 Concerning the tip geometry of any NW, the advantages of miniaturized electrodes (and 
electrode arrays) for charge injection are obvious. Sharp wire tips are common in elec-
trochemical scanning probe microscopy and with highest resolution in STM. Arrays of 
oriented CNT found their way into field emitting devices. Their metal counterparts have 
been proposed for field emission too  [154 – 158] . Beside the tip geometry, surface 
enhancement by NW-decorated electrodes has been investigated as well  [159] . 

 Concerning their current carrying capacity, metal NWs will be rather limited in 
comparison with CNTs. If moving top–down along the size scale, common wire 
handling for (wedge or ball) bonding with diameters well above 5 µm (usually 
12.5–17.5 µm) is still challenging (compare Chap. 23). However, the reliable current 
carrying capacity of much smaller metal microwire bundles, configured like brushes, 
has been demonstrated earlier with via feed throughs for board level interconnects 
by copper deposition in etched ion tracks  [160] . Precise conductivity measurements 
of individual metal NWs became accessible by the single pore etching and plating, 
established at GSI Darmstadt, Germany  [161] . Theoretical modeling in good agree-
ment with experimental data has been done, e.g., for Bi NWs  [162] . A nanoindent 
contact has been applied on electrochemically filled and polished AAO templates 
and used in systematic single wire measurements  [163] , where wire length had been 
reduced down to 100 nm by polishing. In this way, significant charges up to 109 
A/cm 2  could be injected into single Co/Cu NWs to study magnetotransport properties. 
Other measurement techniques often suffer from contact resistance problems. The 

  Fig. 20.3    Recrystallization of single wires of a typical lawn structure (Au). ( a ) Wires after template 
removal (at 65°C), diameter corresponding to pore size, ( b ) sample passing 400°C exposure, ( c ) 
sample recrystallization after 600°C, growth of large crystals fed by small basal grains, ( d ) twins 
found after recrystallization at 482°C. Duration of all incubation steps: 10 min. All scale bars: 1 µm       
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majority of measurements on NW conductivity has been undertaken on  stochastically 
arranged wires, thrown on a substrate and contacted by connector depositions  [164]  
or on planar electrode arrays, making contact with appropriate laying ones by a sub-
sequent lithography-based metallization. FIB deposition has been used for that pur-
pose as well, as for instance on 200-nm wires with preferably <111> orientation 
 [165] . A comparison of resistance at room temperature for platinum NWs obtained 
by different authors  [166]  shows significant differences, reaching from 61 to 5,000 
µΩ cm resistivity. The need of standardized measurement procedures is evident. 
A stage design with fixed contacts has been demonstrated recently to enhance relia-
bility and throughput with preformed resist trenches. Wires longer than 60 nm have 
been arranged in appropriate positions  [167] . A NW manipulation technique for 
four-point measurements with individually moved tips has been presented before 
 [168] . Obtained data are detrimental in understanding and design of future devices, 
and are practically important already to develop sensors, based on analyte-depend-
ing properties of semiconductor materials  [23 ,  24] . Conductivity changes of neat 
gold NWs have been used for ionic mercury detection  [169] . To our knowledge, a 
systematic study of individual NWs, especially single crystalline wires, i.e., grains 
along different crystal axes is still lacking. However, it should be important for relia-
bility issues in nanoelectronics (Chaps. 2–4) and future sensor developments.  

  20.10 Manipulation of Nanowires  

 For applications of NWs as admixtures in a composite, e.g., to manage electrostatic 
or magnetic properties or the conductivity of a polymer, they certainly do not have 
to be manipulated individually. However, if NWs have to be placed one by one and 
specifically to ensure the envisioned function, appropriate touchless handling tech-
niques are necessary. The contact-free manipulation of sensitive objects such as 
metal NWs requires the combination of different physical principles, allowing 
directed transport, orientation, and fixation. Similar approaches have been devel-
oped successfully for single cell manipulation and measurement earlier  [170 ,  171] . 
Main physical principles for contact-free handling of delicate individual compo-
nents are magnetophoresis, electrophoresis, dielectrophoresis, capillary forces, and 
interaction with focused laser light (laser tweezers), often in combination with 
hydrodynamic streaming. For a review, see  [172] . Dielectrophoretic field cages 
inside fluidic channel structures are especially suited to sort and align different 
types of micro- and nano- objects individually  [173]  as has been well proven for 
living animal cells; for review, see  [174] . Positive dielectrophoresis has been used 
to assemble gold wires from 70 to 350 nm in diameter in electrode gaps  [175 – 177] . 
Magnetic fields have been applied to arrange and to assemble large quantities of Ni 
NWs in parallel or, with a bit more luck, even individually  [178] . Combinations 
with independent solution structuring, e.g., by a liquid crystal  [179]  can improve 
the alignment and ordering of large numbers of particles, important for collective 
interaction phenomena of NWs with external electromagnetic fields. Surfactants 
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can be used to build assemblies of NWs  [180] . Since gold can easily be modified 
with thiolates, gold-capped NWs can be labeled for self-assembly  [181] . But place-
ment alone does not yet yield the trick of contacting NWs.  

  20.11 Nanowires: Bonding and Joining  

 It seems as if NWs will require specialized bonding or joining techniques to be con-
tacted reliably. Surprisingly, ultrasonic bonding in an almost conventional manner has 
been demonstrated to produce low contact resistance between 1-µm long CNT and 
metal electrodes, reaching 8–24 kΩ  [182] . Nevertheless, it is obvious that practical 
applications of NWs in electronic packaging would require some paradigm shift, new 
approaches, and technical solutions. But metal NWs arrived already at the level of 
practical applications: interconnect formation has been demonstrated with 30-nm 
nickel NWs, generated with AAO and assembled magnetically between neighboring 
contact pads. The resistance of the formed contacts after annealing under reducing 
conditions decreased from >10 MΩ to ~800 Ω  [183] . The use of vertically aligned 
NWs in an adhesive interposer foil has been envisioned  [184]  and realized  [185]  
independently. We could show a new technical principle of decorating flip-chip bond-
ing pads directly with NWs, omitting external force fields for their arrangement, to 
be successful for joining of gold nanolawn model structures  [66]  (Fig.  20.4 ).  

 Deleterious effects of recrystallization phenomena (see later), crucial for single 
wire contacts, can obviously be overcome and can even be used if applied with inter-
calated NW ensembles. The observed contact formation is based on Ostwald  ripening, 

  Fig. 20.4    FIB dissections of intercalated wire decorated surfaces (all gold), using flip-chip bond-
ing principle. Bonding at ambient temperature with pressure as indicated. ( a ) Close-up for 100-
MPa sample, ( b ) intergrain diffusion and contact formation after annealing. All scale bars: 1 µm       
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as indicated by FIB/SEM dissections (Figs.  20.3  and  20.4 ). Solid phase diffusion 
bonding, well established in microelectronics, hence can supplement the contact for-
mation techniques described earlier, even without large pressures to be applied. 

 However, intermetallic diffusion and corrosion have to be considered as to be 
crucial for interconnects between individual NWs. Four different bonding tech-
niques for individual single 100-nm gold NWs have been compared regarding their 
practical feasibility and efficiency  [186] , still leaving the need for further research. 

 Concerning the wire-to-wire bonding, gold- or Au–Ni–Au wires, have been 
joined together and soldered under reflow. Resistance measurement (lithographi-
cally patterned contacts) indicated solder contact formation for 200-nm diameter 
wires. The resistance of individual contacts was reduced to about 13 Ω, starting 
from 300 to 106 Ω before reflow  [187] . 

 If the NW template can be generated directly on surfaces to be decorated with 
NWs, the previous discussion on manipulation and joining to connecting electrodes 
becomes obsolete. A technique to generate nanoporous AAO spots directly on 
wafer substrates has been presented recently. Copper NWs have been generated in 
those AAO pads and proposed for contact formation with solder pads in a flip-chip 
bonding approach  [188 ,  189] . Doubtless, microinterconnects by multiple metallic 
NWs will be useful for fine-pitch applications.  

  20.12 Nanowire Interaction with Electromagnetic Fields  

 Because of the high aspect ratio of NWs resonance frequency shifts can be observed 
for structures with dimensions below one-fourth of the wavelength of the external 
field. Nonlinear interaction of NWs with light- or high-frequency electromagnetic 
fields, useful for generating active and passive photonic structures  [190]  or HF 
structures  [191]  has been described previously, e.g., for enhancing the sensitivity of 
Raman scattering over several magnitudes in chemical analysis (SERS)  [192 ,  193] . 
The possibility to use NWs to produce stop-band filters or antenna structures  [194 –
 196]  should be mentioned as well. NWs could be used in new integrated optical 
devices because of their negative magnetic permeability and dielectric permittivity 
in the visible and the near-infrared if arranged into parallel pairs even randomly in 
a matrix  [197] . Resonance phenomena of NWs in the infrared have been discussed 
in depth and investigated experimentally on copper and gold NWs of 100-nm diam-
eter  [198] . Significant antenna-like plasmon resonances and skin effects have to be 
considered for practical applications in light confinement or estimation of effective 
refractive indices in the antennas surrounding. For a review of general near-field 
optical properties of nanostructures, see  [199] . 

 The optical parameters of nanorod dispersions are changing according to the 
degree of orientation in the dispersion. The degree of orientation can be externally 
influenced by electric fields  [200] . An observed change of phase shift as well as 
selective absorption could be useful in preparation of shielding materials to prevent 
electromagnetic interference (EMI). Polymer composites of conductive CNTs 
 [201]  and of copper wires in flex have been proposed  [202] . The application of 
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carbon nanotube NWs and nanotube antenna arrays, consisting of individual wires 
of different lengths and hence different resonance frequencies has been proposed 
for in/out signal demultiplexing and wireless interconnection of integrated nanosys-
tems to the microelectronic periphery. The authors point out that this approach 
could translate interconnection challenges from the spatial to the frequency domain, 
consequently eliminating a technological bottleneck  [203] . 

 Size-dependent magnetoresistance measurements of single Ni-NWs (30 and 200-nm 
diameter) bridging Ni electrodes have been studied at 10–300 K  [204] . With decreasing 
diameter, transverse and longitudinal magnetoresistance differ from values obtained for 
thin layers. Perpendicular giant magnetic resistance (GMR) studies on layered Co/Cu 
nanowire arrays have been undertaken, e.g., by  [205] . The results obtained indicate the 
attractive possibilities of NW arrays for new memory device architectures.  

  20.13 Future Prospects  

 Because of the known field inhomogeneities at electrode edges and spherical vs. parallel 
diffusion at ultra-microelectrodes, ensembles of NWs, depicted as nanoelectrode 
ensembles, have been evaluated for applications in analytical chemistry  [206] , and for 
applications in wet chemistry and gas analysis. 

 Biophysics and cell biology are other exciting application fields for NW-decorated 
surfaces, since nanotopographies are known to trigger cell differentiation or even 
phagocytosis  [207] . Traction forces generated by moving animal cells have been 
measured with microneedles  [208] , and could be accessible even more accurately 
on NW arrays. 

 In cooperation with cell biologists, we started to study the behavior of  mammalian 
cells on gold nanolawn  [209] , especially the influence on cell substrate adhesion. For 

  Fig. 20.5    Primary mouse astroglia cells growing on a nanolawn (Pt). ( a ) SEM image of cell-typical 
spreading toward confluency (bar: 20 µm), ( b ) Close-up of cell-substrate contacts (bar: 2 µm). Cell 
culture and sample preparation by U. Gimsa and L. Jonas, University of Rostock, Germany       
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primary mouse astroglial cells very close cell–cell and cell–substrate contacts have 
been observed  [80]  (Fig.  20.5 ). Considering the growing importance of interfaces of 
microelectronic systems with living tissue  [210] , those contacts can be interesting 
for neuroprosthetic device development – one more area of rising importance for 
microelectronic packaging.   

  20.14 Conclusion  

 NWs can be regarded as promising materials to supplement existing packaging 
applications such as flip-chip bonding, anisotropically adhesive foils, and electro-
magnetic shielding. Moreover, they open up new vistas for future applications. 

 The properties of a single NW will be defined by the grains or even by the single 
grains it consists of. Therefore, their/its orientation and existing grain boundaries 
have to be taken into account for practical application and design. 

 The reliability of future nanostructure-based components will depend on the 
knowledge of the thermomechanical behavior of single metal grains. To obtain the 
necessary data, NWs are well-suited objects to study. 

 The characterization and measurement of typical electrical properties such as 
electrical conductivity or resistance and thermomechanical properties require relia-
ble techniques for electrical connection and mechanical clamping. 

 The sorting, manipulation, and placement, i.e., assembly of individual NWs 
demands touchless and contact-free handling to avoid their damage, contamination, 
or destruction. External electromagnetic fields are well suited to generate necessary 
forces for doing so. 

 Because of the high aspect ratio, i.e., the anisotropy of NW properties interact-
ing with electromagnetic fields, NWs and NW arrays offer applications in signal 
processing and storage. 

 The collective behavior of NWs in regular arrays or statistically arranged 
brushes and nanolawn opens up new applications in photonics, EMF shielding, 
sensorics, and biomedicine. 

 To summarize, focused research with NWs can pave the way for low-energy 
bonding techniques, high-density interconnects, high-density (spin) data storage, 
molecular electronics, biomedical electronics, and life sciences – what promising 
prospects for microelectronic packaging!      
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   Chapter 21   
  Design and Development of Stress-Engineered 
Compliant Interconnect for Microelectronic 
Packaging        

     Lunyu   Ma    ,    Suresh K.   Sitaraman(*ü )   ,    Qi   Zhu   ,    Kevin   Klein   , and    David   Fork      

  21.1 Introduction  

 Power and latency are fast becoming major bottlenecks in the design of high perform-
ance microprocessors and computers. Power relates to both consumption and dissipa-
tion, and therefore, effective power distribution design and thermal management 
solutions are required. Latency is caused by the global interconnects on the integrated 
circuit (IC) that span at least half a chip edge due to the resistance–capacitance (RC) 
and transmission line delay  [1] . Limits to chip power dissipation and power density 
and limits on hyper-pipelining in microprocessors threaten to impede the exponential 
growth in microprocessor performance. In contrast, multicore processors can continue 
to provide a historical performance growth on most consumer and business applica-
tions provided that the power efficiency of the cores stays within reasonable power 
budgets. To sustain the dramatic performance growth, a rapid increase in the number 
of cores per die and a corresponding growth in off-chip bandwidth are required  [2] . 
Thus, it is projected by the Semiconductor Industry Association in their International 
Technology Roadmap for Semiconductors (ITRS) (Table  21.1  ) that by the year 2018, 
with the IC node size shrinking to 22 nm by 2016 and 14 nm by 2020, the chip-to-
substrate area-array input–output interconnects will require a pitch of 70 µm  [3] . 
Furthermore, to reduce the RC and transmission line delay, low-K dielectric/Cu and 
ultra-low-K dielectric/Cu interconnects on silicon will become increasingly common. 
In such ICs, the thermo-mechanical stresses induced by the chip-to-substrate intercon-
nects could crack or delaminate the dielectric material causing reliability problems.     

 Flip chips with solder bumps are being increasingly used today to address 
these needs because of their several advantages: higher I/O density, shorter leads, 
lower inductance, higher frequency, better noise control, smaller device footprint, 
and lower profile  [4] . Flip-chips on board (FCOB) are gaining increased accept-
ance both for cost-performance as well as high-performance applications. Epoxy-
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based underfills are often used in such FCOB assemblies to accommodate the 
coefficient thermal expansion (CTE) mismatch among different materials (e.g., 
silicon IC on an organic substrate) and to enhance the solder joint reliability 
against thermo-mechanical fatigue failure  [5 ,  6] . However, additional underfill 
process steps, material and processing costs, reworkability, delamination, and 
cracking are some of the concerns with the use of underfills. Also, as the pitch 
size decreases, the cost and the difficulties associated with underfill dispensing 
will increase dramatically  [7 ,  8] . Conductive adhesives are an alternative given 
the move of industry to lead-free solders, but processing difficulties restrict them 
to low I/O density applications. 

 Furthermore, when low-K dielectric (ultra low-K dielectric in the future) is 
used in the IC and when such ICs are assembled on organic substrates, the chip-
to-substrate interconnects are subjected to extensive differential displacement due 
to the CTE mismatch between the die and the substrate under thermal excursions. 
On the one hand, these interconnects, especially stiff solder bumps, could crack 
or delaminate the low-K dielectric material in the die. On the other hand, if the 
solder bumps are not underfilled, they will fatigue crack and fail prematurely. 
Therefore, it is necessary to explore alternate interconnects that are compliant so 
that they will not crack or delaminate the low-K dielectric, that will not fatigue 
fail  prematurely without an underfill, that are easy to fabricate and assemble 
using existing infrastructure, that they are scalable, that are wafer-level, and that 
will meet the electrical, thermal, and mechanical requirements for next-genera-
tion microsystems.  

  21.2 Literature Review on Compliant Interconnects  

 With the advent of the area array packages and the increasing concern of thermo-
mechanical reliability, a promising solution is to increase the mechanical compli-
ance of interconnect to accommodate more differential displacement due to the 
CTE mismatch. There are several different types of the first-level compliant inter-
connects already available in commercial market or currently under development. 
In this section, each of them will be briefly reviewed (Table 21.2). 

 Table 21.1    ITRS 2005 roadmap for assembly and packaging  [3]   

 Year of production  2014  2015  2016  2017  2018  2019  2020 

 DRAM ½-pitch (nm) (contacted)  28  25  22  20  18  16  14 
 MPU/ASIC metal 1 (M1) ½-pitch 

(nm) (contacted) 
 28  25  22  20  18  16  14 

 MPU physical gate length 
(nm(µm)) 

 11  10  9  8  7  6  6 

 Wire bond pitch – single in-line 
(µm) 

 20  20  20  20  20  20  20 

 Flihip area array pitch (µm)  80  80  80  80  70  70  70 

Morris_Ch21.indd   466Morris_Ch21.indd   466 9/29/2008   8:09:40 PM9/29/2008   8:09:40 PM



21 Design and Development of Stress-Engineered 467

Tessera’s compliant µBGA TM  technologies have been developed since 1995  [9 , 
 10] . The metal compliant interconnects (or ribbons) are formed by patterning the 
metal layer on a flexible organic tape. Then the compliant interconnects are 
bonded to the die and vertically expanded into the free-standing positions by 
injecting the low-modulus elastomer layer between the die and the flexible tape. 
The solder joints are bumped on the other side of the flexible tape. One of the 
advantages of this technology is that all the fabrication processes can be made on 
the wafer level. Therefore, the fabrication cost and time per unit can be signifi-
cantly reduced. WAVE TM  (wide area vertical expansion) technology is the second 
generation of compliant package from Tessera. The low modulus compliant layer 
absorbs the majority of package deformation caused by CTE mismatch. Thus, the 
stresses on the solder balls are reduced. This reduced stress level eliminates the 
need for an underfill  [11] . However, since the similarity between this technology 
and TAB, only peripheral array can be achieved. The pitch size and the I/O density 
are limited. Additionally, the dispensing of elastomer layer will induce more cost 
and time.

  MicroSpring TM  interconnect has been developed by FormFactor Inc. The 3D 
microspring interconnects are formed in out-of-the-plane direction using wire bond-
ing method  . Each microspring is formed first, by  placing a  specially designed and 
shaped wire bond at the desired location, and then plating up the wire bond, trans-
forming it into a spring. The plating alloy provides the spring strength, while a finish 

     Table 21.2      Summary of current compliant off-chip interconnect technologies

 Technology and company name    Attributes 

 µBGA® and WAVE® 
 (Tessera) 
  [9 – 11]    

* S-shaped Cu/Au ribbon bonds 
+ No underfill 
+ Batch fabrication 
+ Reliable 
– Elastomer encapsulating 
– Limited planar compliance 

    MOST ® 
 (FormFactor) 
  [12 ,  13]           

* Au wire bonds 
+ No underfill 
+ Good compliance 
– Serial fabrication 
– Limited pitch and interconnect size 

 Sea of Leads (SOL) 
 (IFC, Georgia Tech) 
  [14 – 16]         

*  Electroplated Au lead 
 * Low-modulus polymer with air-gap 
 + No underfill 
 + Batch fabrication 
–  High temperature processing 
–  Limited in-plane compliance 

 Helix Interconnects 
(CASPaR, Georgia Tech) 
  [17 – 19]  

 * Electroplated Cu interconnect 
*  Layer-by-layer fabrication 
 + No underfill 
 + Batch fabrication 
 + Good planar and out-of-plane compliance 
 + Varying compliance designs 
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layer of gold ensures a stable electrical contact  [12] . The MicroSpring TM  technology 
offers low normal force, fine pitch, high pin count arrays and no-underfill, all of 
which are needed for current and future microelectronic packaging  [13] . However, 
because of the limits of the wire bonding process, the pitch size is limited to be in the 
range of 100 µm. Another drawback is that as the fabrication is a sequential process, 
and therefore, the high cost and the long fabrication cycle need to be improved. 

 The Interconnect Focus Center (IFC), Georgia Institute of Technology, has pro-
posed a compliant interconnect structure called Sea of leads (SOLs)  [14 – 16] . It ena-
bles a compliant wafer level packaging (CWLP) at low cost. In the fabrication, a layer 
of overcoat polymer is deposited over a patterned sacrificial polymer. The sacrificial 
polymer is later thermally decomposed to form the air gaps in the overcoat polymer. 
The air gaps can enhance the vertical compliance of the leads. The curved Au leads 
are then patterned by photolithography and deposited by electroplating. The fabrica-
tion of SOLs is compatible with standard IC fabrication. It can achieve small pitch 
size and does not need an underfill material for thermo-mechanical reliability. 

 Helix interconnect is a spiral compliant interconnect that is under development at the 
Computer Aided Simulation of Packaging Reliability (CASPaR) Lab, Georgia Institute 
of Technology  [17 – 19] . The fabrication is based on the MEMS-type high aspect ratio 
via formation and electroplating. The structure is built up layer by layer. The geometry 
of each layer is designed on each photolithography mask. First, the cavity of the first 
layer is formed in photoresist by photolithography. The metal is then grown in the cavity 
by electroplating. After the first layer is finished, a same process is repeated for the sec-
ond layer, and so on. The solder material and its barrier layer can be deposited in the 
electroplating of the last layer. Finally, after all layers are formed, the photoresist is 
removed by dry-etching process and the structure becomes free-standing. The helix-
type structures can be achieved through the wafer level fabrication. The fabrication 
processes are completely compatible with the standard IC processes. Photolithography 
enables the control of fine pitch and small dimension during the fabrication. Because of 
the good mechanical compliance, the underfill material is not required to relieve the 
thermally induced stress/strain concentration in the structure. Both the vertical and in-
plane compliance of the helix-type interconnect can be greater than 10 mm N −1   [17] . A 
modified version of the helix interconnects called  FlexConnects  that requires less 
number of masking steps is also under development  [20] .  

  21.3 Stress-Engineered Compliant Interconnects  

 This chapter presents the fabrication and design of stress-engineered compliant 
interconnects. The fabrication of the stress-engineered compliant interconnect is 
based on the standard IC fabrication and stress-engineering theory. The primary goal 
of stress-engineered compliant interconnects is to achieve higher compliance than the 
conventional C4 solder joints and obtain an improved thermo-mechanical reliability. 
The stress-engineered, compliant interconnect for high density application, developed 
by a consortium of Georgia Institute of Technology, XEROX Palo Alto Research Center 
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(PARC) and Nanonexus Inc  [21 ,  22] , is innovative and uses the intrinsic stress gradient 
induced during the DC-sputtering deposition to create the compliant structure. 

  21.3.1  Fabrication of Stress-Engineered Compliant 
Interconnects 

 Stress-engineered compliant interconnects are fabricated using processes such as 
DC sputtering, photolithography, and wet etching, which are highly compatible with 
the front-end (IC) processes in semiconductor industry. The fabrication can be done 
in an area array format at the wafer level, and has important advantages. First, the 
interconnect fabrication can be easily integrated into the standard semiconductor 
front-end processes. Additionally, the area array wafer-level fabrication of intercon-
nect can greatly reduce the fabrication cost per unit and fabrication time, and is 
highly consistent with the wafer-level packaging (WLP). Finally, the standard IC 
fabrication enables the good control of interconnect geometry and pitch size. 

 Hoffman and Thornton  [23]  reported the stress-engineering process in the thin 
film metals that the intrinsic stresses can be gradually transitioned during DC mag-
netron sputtering by changing the sputtering condition, such as the Argon (Ar) 
pressure. The impurities/atomic peening model and the grain boundary (GB) relax-
ation model were used to explain the stress-engineering effect  [24] . Smith and 
Alimonda  [21]  first reported the fabrication of the stress-engineered compliant 
interconnects with 80 µm pitch for microelectronic packaging applications. 

 A detailed description of fabrication process is given here. A schematic picture 
of fabrication processes is shown in Fig.  21.1 . A bare wafer is used as the substrate 
for the compliant interconnect fabrication. A thin layer of Titanium (Ti), about 0.5 
µm, is deposited on the substrate using DC sputtering. It is known that Ti has good 
interfacial adhesion with most of the materials used in IC fabrication, especially 
between the metals and ceramics. Therefore, the Ti layer can prevent the highly 
stressed thin film metal layer from undesired peeling-off during the fabrication 
processes. The Ti layer is also called the release layer or the adhesion layer.  

 A layer of Mo 
80

 Cr 
20

  alloy (by weight) thin film, 1.5 µm, is sputtered onto the Ti 
layer. During the DC sputtering process, the argon pressure is carefully manipulated 
to obtain the desired intrinsic stress conditions. At low argon pressure (less than 0.5 
Pa), the possibility of collision between target metal atoms and argon atoms is low. 
The target metal atoms can be deposited in a condensed formation on the substrate 
because of less scattering effect. Thus, the interatomic distance between two neigh-
boring metal atoms is smaller than the equilibrium distance. In this case, a compres-
sive intrinsic stress is present in the sputtered metal layer. On the contrary, if the 
argon pressure is higher (greater than 0.5 Pa), the chance of collision between target 
metal atoms and argon atoms is higher. The target metal atoms are deposited in a 
coarse formation, and thus a tensile intrinsic stress (attractive interatomic force) is 
present in the deposited metal layer. The intrinsic stress magnitude can be varied 
from −1 GPa at the bottom of the Mo 

80
 -Cr 

20
  layer to +1 GPa at the top of the 
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Mo 
80

 Cr 
20

  layer, by gradually changing the argon pressure. The intrinsic stress gradi-
ent throughout the thickness can form an intrinsic up-bending moment. 

 To achieve a very uniform intrinsic stress gradient throughout the whole substrate, 
a rotational planetary system is used in the sputtering tool. The thin film metals used 
in stress-engineered compliant interconnects are deposited in a sputter deposition 
system in which substrates travel on a planetary system. Analogous to the motion of 
celestial bodies, the substrates revolve around their own centers, as the substrate also 
orbits the center of the deposition system. The sputter gun, which holds the metal tar-
get for deposition, is typically located on the orbit of the substrate’s center. 

 Although Mo 
80

 -Cr 
20

  alloy has very good mechanical property for the stress-engi-
neering application, its electrical property, like the conductivity, is not as good as 
the electrically conductive materials, such as gold (Au) and copper (Cu). To 
improve the conductivity of interconnect, a layer of Au, usually about 1.0 µm, is 
sputtered over the Mo 

80
 -Cr 

20
  thin film. The lower elastic modulus and the small 

thickness of Au will ensure that the interconnects remain compliant. 
 After the DC sputtering, the geometry shape of the stress-engineered compliant 

interconnects is patterned using photolithography. Thus far, the stress-engineered Mo 
80

 -Cr 
20

  
layer is held down onto the substrate by the Ti adhesion layer. Next, the stress-
engineered compliant interconnect should be released by etching the Ti layer. To pre-

Sputter deposition: Ti 

Pattern interconnect
by photolithography

Define release 

Sputter deposition: Mo80-Cr20
(Stress-engineering) 

Etch release 

Interconnect
curls up 

automatically

Ti Release layer 

Mo80-Cr20 metal 

Substrate 

Photoresist  

  Fig. 21.1    Fabrication process of stress-engineered compliant interconnect       
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vent the stress-engineered compliant interconnects from peeling off from the substrate, 
one end of the interconnect structure will be anchored on the substrate by the Ti release 
layer, while the other end is released from the substrate. To have this released structure, 
release windows are to be defined using a second photolithography process. 

 A layer of photoresist is first dispensed on the substrate wafer. The photoresist 
is patterned to create release windows for the stress-engineered interconnects. The 
anchoring end is still encapsulated in the photoresist to protect the underlying Ti 
layer from etching away. A selective etching solution is used to remove only the Ti 
layer within the release window. After the wet etching, the stress-engineered com-
pliant interconnect is released from the substrate wafer and curls up automatically 
due to the relaxation of its intrinsic stress gradient, as seen in Fig.  21.1 . Following 
the release process, the rest of photoresist on the substrate is stripped away. 

 Figure  21.2  presents stress-engineered compliant interconnects fabricated at 6 
and 80-µm pitch. These interconnects are called linear or straight interconnects, as 
their unreleased geometry is along a straight line.   

  21.3.2 J-Spring Compliant Interconnects 

 The linear spring discussed thus far has excellent out-of-plane compliance. However, 
the in-plane compliance, especially along the axis of the linear spring, can be 
enhanced by suitable design modification. Accordingly, a new-structure called a 
“J-spring” is designed, with a  J -like shape in the unreleased stage. The J-spring has 
both good in-plane compliance and excellent out-of-plane compliance. The J-spring 
compliance can be altered by changing various geometric parameters such as the 
length of the linear segment ( L ), the width ( W ), the inner radius of arc segment ( R ), 
and the subtended angle of arc segment ( a ), as illustrated in Fig.  21.3 . An array of 
fabricated J-springs with a subtended arc angle of 90° is also shown in Fig.  21.4 .                 

  Fig. 21.2    Scanning electron microscopy (SEM) pictures of stress-engineered compliant inter-
connect arrays at 6 µm and 80 µm [courtesy: Don Smith] pitches       
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 Fig. 21.3    Schematic of J-spring  

 Fig. 21.4    SEM image of released J-springs  

  21.4 Compliance Analysis  

 The compliance of linear spring and J-spring was computed using a finite-element 
model. In the model, the substrate was modeled as a rigid substrate, and the released 
spring geometry was obtained starting with the residual stress gradient in the sputtered 
metal. A force load was then applied to the free end of the released spring geometry, 
and the compliance in the force direction was calculated as the ratio between the dis-
placement and the force in the same direction. Compliance analysis was carried out by 
changing the various geometry parameters of the spring structures. For the linear 
spring, the geometric parameters that can be changed are the length and the width of 
the spring. For the J-spring, the geometric parameters that can be changed are the 
length, width, arc radius, and the subtended angle. For the sake of brevity, selected 
results are presented here. Additional details can be found in  [25] . Figure  21.5  shows 
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the variation of compliance with the linear spring length, and Fig.  21.6  presents J-
spring compliance variation with the inner radius of the arc segment.               

 It is seen that the curves of the  X  and  Y  compliance are almost parallel to each 
other, or the magnitudes of the increase are about the same. Nevertheless, 
because  L  can also contribute to the  Y  compliance, thus the  Y  compliance is 
always larger than the  X  compliance in this case. The maximum  Y  compliance is 
about four times larger than its original value, while the maximum of the  X  com-
pliance is about eight times larger than its initial value. This is because the  Y  

 Fig. 21.5    ( a ) In-plane and ( b ) out-of-plane compliance variation with length for the linear 
spring  
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 Fig. 21.6    ( a ) In-plane and ( b ) out-of-plane compliance variation with radius for the J-spring  
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compliance value is influenced by  L  and  R , while the  X  compliance is primarily 
influenced by  R . Although the  Z  compliance magnitude and rate of increase are 
much higher than the planar compliance, its maximum value is still approxi-
mately four times larger than its original value, similar to the  Y  compliance. 
When only  R  increases, it increases not only the moment arm, but also the 
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release height. Because of these effects,  R  also has significant influence on the 
J-Spring compliance.  

  21.5 Compliant Interconnect Assembly Process  

 The thermo-mechanical reliability of compliant interconnects is assessed through 
accelerated thermal cycling tests. Test vehicles of stress-engineered compliant 
interconnect arrays were fabricated and assembled. Optoelectronic devices, such 
as the high density vertical cavity surface-emitting laser (VCSEL) array, will be 
one of the important applications for this interconnection technology  [26] , so the 
pitch size of the stress-engineered compliant interconnects was designed to be 21 
µm in the test vehicle. The width of the linear compliant interconnects is 17 µm. 
The compliant interconnects were fabricated on transparent substrates, such as 
quartz and glass. The test vehicle layout is given in Fig.  21.7 .   

 In the test vehicle, there is one long horizontal array of compliant interconnects 
oriented along  X  direction in the center, and six short vertical arrays oriented along 
 Y  direction with some offset from  X  axis. The metal traces are fanned out from the 
compliant interconnects to the probing pads on the edges of the test vehicle. 
Between every two adjacent probing pads, the compliant interconnects form a 
daisy chain with the bonding pads on the die. A complete daisy chain loop 
between every two adjacent probing pads is called a channel. In the horizontal 
array, there are 11 channels with 100 compliant interconnects in each channel. 
Each vertical array is a channel containing about 110 compliant interconnects. 
Because of their small size, the compliant interconnects cannot be seen in the lay-
out, so zoomed-schematics of the compliant interconnects and bonding pads are 
also shown in Fig.  21.7 . 

 The compliant interconnects were assembled on substrates using two differ-
ent techniques: (1) The compliant interconnects were in sliding contact with the 
bonding pads, and the substrate was held in place using adhesive at the corners; 
(2) An underfill was used to assemble the substrate on the die. Both of these 
two assembly processes can be carried out at room temperature, and thus can 
eliminate thermal expansion induced misalignment between the interconnect 
and the bonding pad. The assembly processes use UV curing resulting in short 
assembly time. 

  21.5.1 Sliding Contact Package 

 The substrates with the released stress-engineered compliant interconnects and die 
are cleaned before assembly. After rinsing in acetone, methanol, and isopropyl 
alcohol, the substrate and die are cleaned in oxygen plasma to remove organic con-
tamination. As shown in Fig.  21.8 , the quartz substrate with the compliant intercon-
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nects is first mounted onto the stationary stage and held by the vacuum. Before the 
silicon die is mounted onto the movable stage, a UV-curable adhesive is applied to 
four corners of the rectangular silicon die. After the die is mounted, a coarse align-
ment is performed so the compliant interconnect tips do not contact the bonding 
pads. The compliant interconnects and bonding pads are registered with the aid of 
two alignment marks. After the coarse alignment, the substrate is moved down 
toward the die to make electrical contact between the compliant interconnects and 
the bonding pads. The movement is controlled to avoid over-flattening by observ-
ing the optical image through the microscope. At the same time, a fine alignment 
is performed to ensure the electrical contact. During the downward movement, the 
adhesive applied onto the die is also touching the substrate.  

 Once the fine alignment is completed, a UV light is shined over the assembly for 
1–2 min to register the final position. The intensity of UV exposure is 70 mW cm −2 . 
In this assembly, the compliant interconnect tips contact the bonding pads without 
any encapsulation. Therefore, they can slide freely on the pads.  

  21.5.2 Nonsoldered Underfilled Package 

 The second method of assembly deals with underfilling of the interconnects to make 
contact between the interconnects and the bonding pads. There are two methods to 
assemble using an underfill, capillary underfilling assembly and no-flow assembly. 

  Fig. 21.7    Test vehicle layout       
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 The capillary underfilling assembly is similar to the free-air sliding contact 
assembly. After the final registration with UV exposure, an underfill material is 
dispensed along one or two edges of package. Under capillary force, the underfill 
flows into the gap between the die and the substrate, and encapsulates all compliant 
interconnects. A second UV exposure is done to cure the underfill. 

 In the no-flow assembly, a transparent UV curable underfill is used to comply 
with the optical alignment. The underfill is first applied onto the die before alignment. 
After the coarse alignment, the substrate is moved toward the die, and the compliant 
interconnects are pressed into the underfill. The fine alignment is conducted as the 
compliant interconnects are completely immersed into the underfill. After the fine 
alignment, the package is exposed to UV radiation. The UV intensity is about the 
same as that used in the free-air sliding contact package. The exposure time is about 
3 min. The assembly process is schematically shown in Fig.  21.9 .    

  Fig. 21.8    Sliding contact assembly process       
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  21.6 Accelerated Thermal Cycling Test of Underfilled Package  

 After the assembly, the packages were thermal cycled to assess their thermo-
mechanical reliability. Prior to thermal cycling, the electrical resistance of different 
daisy chains was measured at room temperature. This electrical resistance was 
taken as the baseline resistance. The air-to-air thermal cycling test was based on 
JESD22-A104-B  [27] . On the basis of the test standard guidelines, the maximum 
dwell temperature ( T  

max
 ) was selected to be 125°C, which was lower than the glass-

transition temperature ( T  
g
 ) of the underfill. Two temperature ranges were initially 

selected for the thermal cycling tests; one was from 30 to 125°C, and the other was 
from −55 to 125°C. The temperature ramping rate was 15°C min −1 . The dwell time 
at the maximum and minimum temperature was 10 min each. The electrical resist-
ance was measured as the thermal cycling test was conducted to assess the thermo-
mechanical reliability. The resistance change in the accelerated thermal cycling test 
is shown in Fig.  21.10 . The results from the accelerated thermal cycling tests are 
summarized below:        

 The electrical resistivity of a metal changes with temperature ( T ), with the thermal 
coefficient of resistivity (TCR) of pure metals typically about 4 × 10 –3  K −1 , and generally 
lower for alloys  [28] . From the data in Fig.  21.10 , the TCR ( a ) can be estimated as:

  Fig. 21.9    Nonsoldered and underfilled assembly process       
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  a = ≈ × ×− −∆
∆
R

R T
K

0

3 31 2 10 2 0 10. ~ . / ,    

 where  a  is the thermal coefficient of resistivity (TCR),  R  
0
  is the electrical resistance 

at room temperature in the beginning of experiment,  ∆R  is the increase in electrical 
resistance from the lowest to the highest temperature, and  ∆T  is the temperature 
range of the thermal cycle. 
 As seen, the measured TCR is within the range reported by others. 

 The average electrical resistance decreased gradually in the first several cycles of 
test. As seen in Fig.  21.11 , this decrease was prominent in the first 1,500 min (about 
50 cycles). But as the thermal cycling test continued, the rate of decrease became less 

 Fig. 21.10    Resistance change with temperature during thermal cycling  
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and less, and finally the electrical resistance value stabilized. This trend was observed 
in both the horizontal and vertical channels. There are two possible reasons to explain 
the initial decrease of the electrical resistance with the thermal cycling tests: (a) with 
thermal cycling, the underfill continues to cure further, shrink, and bring the sub-
strate and the die together more. This can potentially increase the contact area 
between the compliant interconnect and the bonding pad, and thus will decrease the 
electrical resistance. (b) Because of the differential expansion of various materials 
during thermal cycling, the interconnect tips flex and scratch the die pad surface to 
make better electrical contact between the compliant interconnect and the die bonding 
pad. Therefore, the electrical resistance will be lowered. The observed resistance 
decrease during the first few cycles can be termed as “burn-in”.  

  Fig. 21.11    “Burn-in” behavior of resistance       
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 Another characteristic of the “burn-in” is that it occurs irreversibly in the thermal 
cycling test, even if there is an interruption. Figure  21.11  shows the electrical resist-
ance change in a thermal cycling test with an intentional interruption of a few hours 
between the first 2,500 min (80 cycles) and the next 1,500 min (40 cycles). As seen, 
the electrical resistance remains unchanged during interruption of thermal cycling, and 
continues to decrease once the thermal cycling is resumed during the burn-in phase  

  21.7 Thermal Cycling of Free-Air Sliding Contact Packages  

 To prevent the deterioration of electrical connection in free-air sliding contact pack-
ages from contamination, the packages were tested in a sealed container. The test 
results are similar to those obtained from the nonsoldered/underfilled packages. 
When the pads were examined after thermal cycling, scratch marks were seen on 
the gold bonding pads, as shown in Fig.  21.12 . On each pad, there are two scratch 
marks. These marks are caused by the tips of the compliant interconnects scrubbed 
on the pads, and have the same width as the stress-engineered compliant intercon-
nects, located at the contact regions on the pads.        

 The cause of these scratch marks can be explained as the following. There were two 
types of mechanical loads applied along the contact interfaces between the compliant 
interconnects and the bonding pads. The first load is compressive in the vertical direc-
tion (normal to the bonding pad surface) caused by the compression of the substrate 
toward the die in the assembly operation. The second load is in tangential direction, 
parallel to the pad surface. This load is caused by the differential displacement due to 
the coefficients of thermal expansion (CTE) mismatch in the packages at a temperature 
different from the stress-free condition. In the thermal cycling test, the tangential load 
is cyclic and leads to gradual degradation of contact integrity. Once the conductive 

 Fig. 21.12    Scratch marks on Au-bonding pads (by SEM)  
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material between the compliant interconnect tips and bonding pads is completely or 
partially worn out, the channels in the free-air sliding contact package fail.  

  21.8 Nanocantilever Fabrication for Sensing Applications  

 Thus far, we have discussed the application of stress-engineering principle to microscale 
interconnects. Now, we will discuss the potential extension of this to nanoscale sensing 
devices. In the ongoing work, we use electron-beam lithography and liftoff processes to 
fabricate the nanocantilever arrays. Liftoff processes have the capability to provide high-
fidelity patterns with very fine features. These processes work well with unidirectional 
deposition methods that do not provide significant sidewall coverage, such as filament or 
e-beam evaporation. Sputter deposition, which is capable of providing a high internal 
stress gradient is multidirectional, provides sidewall coverage, and therefore, complicates 
the liftoff processes. The sidewall coverage in the sputter deposition process is due to the 
fact that the sputtered atoms deposit randomly at various angles on the rotating substrate. 
Two liftoff methods are being pursued for the fabrication of stress-engineered cantilev-
ers: a single-layer resist approach and a bilayer resist approach, as illustrated in Fig. 
 21.13 . Prior to spinning the resist, a sacrificial metal layer is deposited, which will later 
be selectively etched to release the patterned cantilever. The bilayer process uses a thin 
layer of polymethylmethacrylate (PMMA) resist spun over a thicker base layer of meth-
ylmethacrylate (MMA) resist. The single layer process uses only a positive resist, e.g., 
PMMA. In both processes, the total resist height to deposited metal height is desired to 
be 7:1 or greater; a ratio less than 7:1 makes the liftoff process difficult  [29] .        

 As illustrated in Fig.  21.13 , on a bare wafer (a), a thin layer of release metal is 
first deposited (b). In the single layer process, PMMA is spun on the wafer, pat-
terned, and developed. In the bilayer process, a thick layer of MMA is spun on the 
wafer, followed by a thinner layer of PMMA (c). After patterning of the bilayer 
with e-beam lithography tool, the MMA base layer is undercut during developing, 
because of greater exposure sensitivity when compared with the PMMA top layer 
(d). In both the single-layer and bilayer resist cases, the cantilever metal film, Cr, is 
deposited with intrinsic stress (e). Liftoff is performed using acetone in an ultra-
sonic bath. For smaller aspect ratios, a mechanical polish, e.g., a gentle wipe with 
an acetone soaked wiper, is needed to complete liftoff (f). Once the spring metal 
deposition is complete, a second layer of resist is spun and patterned to define a 
release window, which allows the selective etching the release layer (g). After 
selectively etching the release layer, the stressed metal stack curls up to form a free-
standing cantilever (h). 

  21.8.1 Fabrication Results 

 The pattern illustrated in Fig.  21.14  was investigated. The pattern consists of a 
series of cantilevers, 10 µm in length, that vary in width from 10 to 100 nm in steps 
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 Fig. 21.13    Fabrication steps for nanocantilevers with liftoff processes  
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of 10 nm and from 100 to 1,000 nm in steps of 100 nm, where each width is 
repeated five times. Two layers of chromium sputtered at a low and a high argon 
pressure were used to fabricate the cantilevers in thicknesses varying from 25 to 
250 nm. In some cases, a thin gold layer <50 nm was deposited on the top surface 
of the cantilevers, and this gold layer could be used to increase surface’s binding 
affinity for proteins and antibodies.  
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 Thin-film deposition was performed using PVD-300 Unifilm TM  magnetron sput-
ter system, which is capable of routinely and reproducibly depositing very uniform 
(>99%) and homogeneous films. A computer-controlled planetary system with two 
degrees of freedom (orbit and spin) is used in conjunction with a calibration of the 
deposition rate with respect to position. Calibrated intrinsic stress vs. Ar pressure 
for Cr sputter film is shown in Fig.  21.15 . Although stress is primarily dependent 
on the Ar pressure, stress values showed a slight variation depending on the deposi-
tion power. The stress measurements in Fig.  21.15  were performed by measuring 
the curvature of standard 4″ Si wafers, before and after the deposition of a stressed 
metal of a particular film thickness  [30] . From Fig.  21.3 , it can be seen that Unifilm 
is capable of developing only tensile stresses for Cr, and therefore, the cantilever 
stress gradient is developed by depositing two layers with an increasing magnitude 
of tensile stress.  

 Figure  21.16  illustrates selected images of nanocantilevers after the release layer 
is selectively etched. The images were taken with a video microscope (Fig.  21.16a ) 
and SEM (Fig.  21.16b ). As seen, the nanocantilevers curl up as designed.          

  Fig. 21.14    The 1 µm cantilever array mask designs with widths ranging from 10 to 1,000 nm       
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  Fig. 21.15    Intrinsic stress vs. Ar pressure for sputter-deposited Cr       
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  21.9 Summary  

 The stress-engineered compliant interconnect is a novel technology that is based on 
the thin film metal deposition by DC magnetron sputtering with an engineered 
stress gradient through the thickness of the thin film. Because of its  photolithography-
based fabrication, the stress-engineered compliant interconnect can satisfy the fine 
pitch requirement for high density chip-to-next level interconnection in the next-
generation microelectronic packages. Additionally, its fabrication process is com-
patible with the front-end wafer level IC fabrication processes. The  interconnect’s 
good mechanical compliance and high release clearance enable new packaging 
configurations, such as nonsoldered packages and the free-air sliding package. The 
nonsoldered and free-air sliding contact packages can greatly reduce the process 
time and cost. They are also consistent with the trend of environmentally-friendly 
packaging. Another potential advantage is that the proposed process steps do not 

 Fig. 21.16    Video microscope ( a ) and SEM ( b ) images of the released free-standing  nanocantilevers  

a

b

Morris_Ch21.indd   485Morris_Ch21.indd   485 9/29/2008   8:09:44 PM9/29/2008   8:09:44 PM



486486 L. Ma et al.

involve high temperature, which might damage the IC devices and induce excessive 
thermal stresses. 

 The compliance of the interconnect is important for the thermo-mechanical reli-
ability, as it can accommodate the differential displacement caused by the CTE 
mismatch. The linear stress-engineered compliant interconnect can provide an 
excellent out-of-plane compliance that can meet the compliance requirement of the 
first-level interconnect, while the in-plane compliance is limited and has a strong 
orientation-dependence. To improve the in-plane compliance, an alternate stress-
engineered compliant interconnect, called “J-spring”, has been designed and fabri-
cated. The “J-Spring” has been proposed to have a spiral free-standing structure 
after releasing, which can provide a better in-plane compliance than the linear 
stress-engineered compliant interconnect. 

 Two assembly processes have been developed for the stress-engineered compliant 
interconnect package without using solder: One is a nonsoldered/underfilled package, 
and the other is a free-air sliding contact package. The assembly has been conducted 
on a customized optical alignment assembly station with five degrees of freedom and 
with submicron accuracy. Both of these two assembly processes can be conducted at 
room temperature, without the potential damage to the IC devices and package. The 
UV curing can greatly reduce the assembly time. The assembled packages have been 
subjected to the thermal cycling tests to assess the thermo-mechanical reliability. 

 The geometries have been scaled to nanoscale. When bioconjugated, the nanos-
cale studies can be used for biosensing applications. Monoclonal antibodies have 
been immobilized on the nanoscale structures, and are intended to detect extremely 
low levels of circulating antigens associated with human cancer. Thus, microscale 
and nanoscale structures can be fabricated using stress-engineering principle, and 
can be used for microelectronic packaging, microelectronic probing, bio-sensing, 
and other applications.      
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   Chapter 22   
 Flip Chip Packaging for Nanoscale Silicon 
Logic Devices: Challenges and Opportunities       

     Debendra   Mallik  (*ü )   ,    Ravi   Mahajan   , and    Vijay   Wakharkar   

         22.1 Introduction  

 After decades of following the roadmap laid out by Moore’s law  [1] , silicon features 
have reached the nanoscale, which is below 100 nm in dimension, as illustrated in 
Fig.  22.1 . The first logic products with 90-nm transistors, using the traditional silicon 
dioxide insulator and polysilicon gate, went into volume production in 2003. More 
recently in 2007, 45-nm devices using a revolutionary high-k metal gate transistor 
technology have been introduced  [2 ,  3] . These nanoscale devices enable higher per-
formance circuits, which in turn drive advanced features in their packaging. These 
devices can significantly lower the power consumption of high-performance logic 
products creating new applications in the fast-growing ultramobile market (Fig.  22.2 ) 
and thus requiring packaging to support the demands of these form factors. This 
chapter will discuss the challenges and opportunities in flip chip packaging for these 
nanoscale devices.   

 In the early days of the semiconductor industry, microelectronics packaging pri-
marily provided space transformation, and structural and environmental protection 
of the small but expensive integrated circuit (IC) devices so that they could be con-
nected to relatively large electronic system boards. The role of microelectronics 
packaging has continued to expand over the past few decades to include electrical 
and thermal performance management, as well as enabling system miniaturization. 
Containing the cost of packaging and meeting environmental regulations have been 
critical constraints during this evolution. 

 Electronics packaging technology has made significant advances over the years. 
To effectively describe these advances and future challenges, we will primarily focus 
on logic ICs in computing systems such as mobile PCs (personal computers), desktop 
PCs, and servers, in this chapter. That is because such systems generally need 
advanced packaging, driven mainly by the high-performance levels of the microproc-
essors within them. We will also use examples of ultramobile systems typified by the 
cell phone to describe some of the form-factor-driven packaging technology. 
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Intel Corporation   ,  Chandler ,  AZ,   USA   
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  Fig. 22.1    Feature size and transistor gate length scaling  [4]        

  Fig. 22.2    Mobile phone market trend (source: Prismark Partners LLC)       

 The evolution of packages for the desktop PC is shown in Fig.  22.3 . In the early 
1980s, the 8088 processor chip was housed in a ceramic dual in-line package 
(CDIP). It used gold wire-bonds to interconnect the silicon chip to the conducting 
leads on the ceramic package. This 800-mm 2  package had a total of 40 leads placed 
along its two long sides. With an operating frequency of only 5 MHz and low power 
of about 1–3 watts, fewer than 10% of the leads were needed to supply power to 
the chip. The remainder of the leads was used for signal transfer in and out of the 
microprocessor. The primary function of this package was to provide space trans-
formation and environmental protection. By 1994, the Pentium  ®     Pro processor 
used a 3,000-mm 2  ceramic pin grid array (CPGA) package with 387 pins, a 

  ®  Pentium is a registered trademark of Intel Corporation and its subsidiaries in the United States and 
other countries. 
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large copper-tungsten heat slug, and two chips – the CPU chip and a separate large 
SRAM cache chip. Over 40% of the pins were dedicated to deliver power to the chips, 
illustrating the increasing importance of power delivery. By the mid-1990s, cost and 
conductor resistance of the ceramic packages drove a significant shift in packaging 
technology. CPU packages for desktop PCs migrated to the plastic pin grid array 
(PPGA) technology, which used copper conductors on an organic substrate, unlike the 
tungsten conductors on a ceramic substrate. PPGA technology continued to use wire 
bonds to interconnect the silicon to the package. The wire bonding process requires the 
interconnect pads to be placed only on the periphery of the die. The inductance of the 
long wires and resistance of the long on-chip interconnects degraded power delivery 
performance. Additionally, placing both power and signal pads near the die periphery 
limited the ability to shrink the size of the chip. These limitations drove the other sig-
nificant technology transitions in the 1990s. By 1999, advanced processors such as the 
Pentium III migrated to organic flip chip ball grid array (FCBGA)  [5 ,  6]  and later to 
flip chip pin grid array (FCPGA) packages. In 2004, the flip chip land grid array 
(FCLGA) package was introduced to eliminate the fragile package pins in market seg-
ments that could incorporate LGA.  

 In addition to the changes in interconnect, increase in power consumption and 
power density nonuniformity has led to significant improvement in power delivery 
and thermal management technologies. Figure  22.4  shows a specific example of 
how package attributes have advanced to keep pace with Moore’s law-driven 
product requirements.  

 Ultramobile systems, by nature, need miniaturized devices. As a consequence, the 
key components in these systems, such as the logic, memory, and wireless devices, 
have evolved to provide more computing, communication, and memory content 
within the package volume. The evolution of key packages for such systems is shown 
in Fig.  22.5 . The traditional scaling of the packages’ horizontal dimension has con-
tinued throughout this evolution. Additionally, there has been significant progress in 
leveraging the packages’ vertical dimension to achieve high density of IC content.  

  Fig. 22.3    Evolution of microprocessor packaging for the desktop PC       
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Silicon Process  :  180 nm
Package Size :  49.5 mm (sq.)
Package Line/Space :  73 µm
Thermal Demand  :  23 W
Power Delivery  
Impedance :  4.5 mΩ
CPU Frequency :  700 MHz
Front Side Bus :  100 MHz
Die bump :   Pb-Sn
Package bump :   Pb-Sn Eutectic  

Silicon Process :  45 nm
Package Size :  37.5 mm (sq.)
Pkg Line/Space :  14 µm
Thermal Demand  :  130 W
Power Delivery  
Impedance :  1.2 mΩ
CPU Frequency :  3 GHz
Front Side Bus :  1333 MHz
Die bump  :  Cu 
Package bump : SnAgCu

20071999

  Fig. 22.4    Illustrative example showing how packaging has kept pace with silicon and microproc-
essor advances       

  Fig. 22.5    Evolution of packaging for the ultramobile electronic systems       

 Material technologies play a significant role in packaging. Performance 
 requirements, such as thermal management, power delivery, and signal integrity, as 
well as structural integrity, environmental and manufacturing considerations, have 
driven improvement in material technologies. This trend is expected to continue 
with progress along Moore’s law and with the scaling down of system form factors 
in ultramobile systems. Materials technology evolution is also affected by environ-
mental regulations. In recent years, the electronic packages have been engineered 
to be environmentally friendly by complying with restrictions on hazardous materi-
als. The environment-friendly initiative primarily consists of providing Pb-free 
packaging material solutions, as well as enabling of halogen-free substrate technology 
to eliminate the use of brominated flame retardants. The industry has responded 
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quite well by eliminating Pb from high-performance microprocessor packaging  [3 , 
 7]  and continues to set the strategy for implementation of halogen-free packaging. 

 In the following sections we will examine the trends for key characteristics of 
flip chip logic packaging discussed in this introduction in greater detail.  

  22.2 Space Transformation  

 One primary function of the package in an electronic system is to provide cost-effective 
space transformation. The package transforms the high density of terminals on the 
small IC chip to a lower density of terminals on the larger package body. The lower 
density package terminals allow the system board to have larger feature sizes in 
order to manage its cost. Thus, the package becomes part of the interconnect 
between one IC component and another. There are three distinct areas of intercon-
nect related to packaging. The portion of the interconnect that enables a transition 
from the die level to the package level is known as the first level interconnect (FLI). 
The interconnect within the package that creates the space transformation is referred 
to as routing. The portion of the interconnect that enables a transition from the pack-
age to the next level, which is typically the motherboard, is referred to as the second 
level interconnect (2LI). Note that the number of 2LI terminals does not have to be 
equal to the number of FLI terminals. That is because package routing may combine 
a group of FLI terminals to a group of 2LI terminals based on electrical and manu-
facturing considerations. Historically, there has been continued increase in demand 
for the numbers of contact terminals for both FLI and 2LI with every succeeding 
product generation. This is due to the inclusion of more functionality on the chip, 
higher data bandwidth between chips, and the need for smaller variation in supply 
voltage for the chip. The increased interconnect count leads to scaling of feature 
sizes across all domains of packaging. This trend is expected to continue as the 
semiconductor industry pursues the Moore’s law-driven roadmap. 

  22.2.1 Die-Package Interconnect 

 The die-package interconnection for a flip chip package is typically made by a 
process called controlled collapse chip connection, or C4. In the original version of 
C4, solder bumps on the die were aligned on top of corresponding metal pads of 
the ceramic package and were then reflown to form joints with a controlled standoff 
height  [8] . A variation of this chip joining process is predominantly used for 
organic packaging, and connects nonmelting die bumps to reflowable solder bumps 
on the package substrate. This process is also loosely referred to as a C4 process. 
Initially, die bumps for organic packages used high-melt (nonmelting) Pb–Sn sol-
der (3–5% Sn and 97–95% Pb) with a melting temperature near 312°C. The sub-
strate bumps used eutectic Sn–Pb solder with a melting temperature of 183°C 
(Fig.   22.6a ). Environmentally friendly considerations resulted in the use of Pb-free 
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material such as copper die bumps and SnAgCu (SAC) substrate solder as shown 
in Fig.  22.6b   [3] .  

 The increased number of terminals on a given chip size requires reduction in the 
die bump pitch to accommodate all the bumps. Figure  22.7  shows minimum input/
output (I/O) bump pitch trend for mainstream microprocessors. Finer bump pitch 
reduces C4 joint size and the space between the joints, creating technology chal-
lenges related to the FLI. During the package assembly process, the finer bump 
pitch requires advanced equipment and material to precisely place the die and hold 
it in place until the C4 joints are formed. The smaller joint size reduces the solder 
volume and consequently the amount of solder collapse during the chip join reflow 
process. This demands good coplanarity for die bumps and for the mating package 
substrate contact area to reduce the risk of electrically open C4 joints.  

  Fig. 22.6    Examples of flip chip C4 joints. ( a ) High lead die bump with ( b ) Cu die bump with 
SnAgCu (SAC) solder eutectic Pb–Sn solder       

  Fig. 22.7    Minimum I/O bump pitch trend for Intel microprocessors       
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 The finer bump pitch also impacts the choice of underfill material and process due 
to the reduction in horizontal spacing between the C4 joints and the reduction in verti-
cal standoff height between the die and the package. The reduced space restricts the 
size of the filler particles, which are used in the underfill material to lower its coeffi-
cient of thermal expansion (CTE) and to increase its fracture toughness. Also, the 
narrow spacing reduces control over the underfill flow dynamics, since the flow 
speeds may become more sensitive to manufacturing and design variations. Therefore, 
the finer bump pitch makes optimization of underfill process and material properties 
more challenging. At the same time, the reduced distance between the flip chip joints 
makes the FLI less tolerant to any voids and other defects, which may lead to 
increased material migration between neighboring joints. 

 The small C4 joints need to deal with high current densities through them. These 
high current densities are a result of increasing total current (even at the same 
power consumption due to decreasing device voltage) and/or due to nonuniformity 
of on-chip current driven by variation in activity levels of devices at different loca-
tions on the die. If not addressed properly through design, material, and process 
choices for the FLI, the high current density, in the presence of high silicon-chip 
temperature, may lead to electromigration-driven open failures  [9] . 

 Another important consideration for the design of the C4 joint is its influence on 
thermomechanical stresses in the on-chip interconnect. Over the past few genera-
tions, silicon process engineers have focused on reducing the dielectric constant of 
the dielectric material (low  k ) used in the on-chip interconnect. This has also 
resulted in lowering the mechanical strength of the on-chip interconnect making it 
more susceptible to failures induced by thermomechanical stresses due to packag-
ing. The C4 joint needs to be compliant enough to minimize packaging-induced 
stresses on the silicon. 

 In summary, the material and process choices for the FLI need to ensure assem-
bly process scalability to smaller dimensions, while still providing compliancy 
between the silicon and the package, managing high current density through the 
joint, and being environmentally friendly.  

  22.2.2 Within Package Interconnect 

 The bump pitch scaling drives the need for finer line width and spacing to route the 
signals from the on-chip terminals to the 2LI terminals. The high routing density is 
typically needed to escape the signal lines out of the congested area near the chip. 
Before we discuss the trend in within-package interconnect, we briefly describe the 
organic flip chip package substrate structure. Figure  22.8  shows a schematic of the 
cross section of an organic flip chip package substrate and a top view of its primary 
routing layer.  

 The substrate is generally built around a core layer introduced to provide structural 
rigidity to the package. The core is made up of glass-fiber-reinforced polymer with 
mechanically drilled plated through-hole (PTH) vias, and conducting copper layers 
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fabricated by a subtractive photolithography process, which is similar to the widely 
used process for printed wiring board (PWB) technology. Typical thickness of the core 
is about 800 µm and the PTH diameter is about 250 µm. Buildup layers are added on 
both sides of the core layer, one symmetric pair at a time. A buildup layer is typically 
fabricated by first adding a relatively thin dielectric layer, generally, around 30-µm 
thick. Then, microvias, i.e., sub-100-µm diameter vias, are created by laser or other 
means. Copper patterns of about 15-µm thick are then added to form the interconnect 
layer and via connections to the underlying metal layer. The predominant process for 
forming the buildup layer conductors is the semiadditive process (SAP). Compared 
with the traditional subtractive process, the SAP enables formation of finer line widths 
and spaces on the package layers. The buildup layer pairs are sequentially added until 
the desired layer count is achieved. A protective solder resist layer is then added to the 
outer surfaces. This is followed by finish metallization such as electroless NiAu or 
NiPdAu for the C4 pads on the front side and 2LI pads on the backside. Finally, solder 
bumps are formed on the C4 pads to create an organic FCLGA package substrate. To 
create a FCPGA substrate, pins are soldered to the 2LI pads prior to chip assembly. 
For FCBGA, solder balls are attached to the 2LI pads after chip assembly. 

 Typically, the C4 pad size is relatively large when compared with routing-line 
width and spacing. A large C4 pad diameter is used for various reasons. A large C4 
pad size increases the joint size, which, in turn, improves resistance to joint crack-
ing failure. A large pad lowers current density through the joint and enables high 
current carrying capability for the C4 joint by lowering electromigration. Also, a 
large C4 pad allows large solder volume. During the C4 joint formation process, 
the increased solder volume leads to higher solder collapse and helps achieve a high 
yielding C4 assembly process. Figure  22.8c  shows a representative example of a 
routing scheme and dimensions for a flip chip package. 

 The bump pitch scaling has consistently driven the line width and space to get 
finer (Fig.  22.9 ), and the trend is expected to continue. Finer features on the 

  Fig. 22.8    Sketch of a typical organic flip chip package substrate       
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22 Flip Chip Packaging for Nanoscale Silicon 499

 substrate bring a host of challenges to package substrate technology. These chal-
lenges include technology to maintain adhesion of the resist and conductor materi-
als during the photolithography process, and a clean process environment to 
minimize foreign material-related yield and reliability issues. From a different per-
spective, the demand for fine line and space can be mitigated by aggressive reduc-
tion in the microvia and C4 pad sizes. This would require innovation in substrate 
technology as well as assembly material and process technologies to produce 
mechanically robust via and C4 joint with high current-carrying capability. 
Innovative design techniques can also mitigate the demand on line and space scal-
ing to some extent. One example of this would be to optimize the bump placement 
as demanded by high-density routing instead of placing the bumps on a fixed grid 
pattern. Another approach is to reduce the number of lines between the pads. This 
technique may require additional package layers, and hence higher cost, to do the 
escape routing, but would lower the demand for line and space scaling.  

 PTH size is another feature that needs attention. Typical PTH diameter is 250 µm 
on a 400-µm diameter pad. The relatively large dimensions of the PTH impede 
high-speed signal transmission due to electrical impedance discontinuities created 
primarily by significant changes in dimensions between the routing lines and the 
PTH  [10] . Additionally, they can be a limiter to interconnect scaling within the 
package. PTH size reduction or elimination may be needed in the future to support 
interconnect density scaling and high-speed signaling.  

  22.2.3 Package-Board Interconnect 

 There are three major 2LI contact technologies in use for flip chip logic products. 
These are the ball grid array (BGA), pin grid array (PGA), and the land grid array 
(LGA) technologies (Fig.  22.10 ). The BGA package is directly surface mounted 

  Fig. 22.9    Minimum line width and space trend for microprocessor packages       
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  Fig. 22.10    Flip chip package types for package-board interconnect       

to the motherboard, whereas the PGA or LGA package is inserted in a socket, 
which, in turn, is surface mounted to the motherboard. High-end components, 
like microprocessors, typically use the PGA or LGA format to enable field 
upgradability and to meet other business requirements. The PGA package is elec-
trically connected to its socket through a clamping mechanism that makes the 
individual socket contacts grip the package pins. For the LGA package, electrical 
connection is made by pressing the package down on to the spring-like socket 
contact probes. Vertical force to maintain this connection is applied by a reten-
tion mechanism.  

 The 2LI density has been increasing over time to accommodate larger inter-
connect count on a given package surface area. The BGA pitch for flip chip logic 
products has reduced from 1.27 to 0.8 mm over the last decade. This is achieved 
by scaling the 2LI contact pads and solder ball diameters, changes to solder met-
allurgy such as various formulations of SAC solder, and managing BGA joint 
reliability through advanced board assembly processes such as corner glue and 
other board-level underfill processes. Denser escape routing on the PCB, driven 
by finer BGA pitch, is enabled by improved design techniques, such as placing 
the solder balls anywhere on the package, modest reduction in feature sizes of 
conventional boards, or use of a high-density board such as those with microvias 
 [11]  where it is affordable. Typical challenges with finer pitch BGA are board 
assembly yield, thermomechanical stress from power cycles and temperature 
cycles, and mechanical shock. Material and design choices have significant 
impact on BGA joint assembly yield and reliability  [12]  and are critical to con-
tinued BGA pitch shrink. 

 The PGA pin pitch has reduced from 1.8 to 1.27 mm over the last decade. On 
the one hand, further pin pitch reduction is expected to be slow due to challenges 
in socket to pin contact technology. On the other hand, the LGA is relatively 
more capable of achieving 2LI pitch reduction due to its simpler contact probe 
structure. Besides the board routing-driven requirements, the LGA pitch reduc-
tion is generally limited by the socket contact resistance, maximum retention 
load capability of the system, and package–socket alignment capabilities. 
Innovation in material for package land surface finish as well as design and 
material for socket contacts are critical in reducing the contact resistance and the 
load per contact.   
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  22.3 Electrical Performance  

  22.3.1 Power Delivery 

 One of the key requirements for efficient operation of the IC device is to maintain 
a steady voltage level across its power supply rails (Vcc and Vss rails). A change 
to the power rail voltage level changes the drain-source voltage as well as the gate 
voltage. Too low a voltage across the power rails lowers the drain and gate voltages 
and thus can lead to erroneous switching of the transistor, causing failure of the 
entire circuit operation. Increasing the supply voltage to the power rail is theoreti-
cally a way to mitigate the low-voltage-related issues. However, the higher input 
voltage causes higher power dissipation and has significant impacts on the transis-
tor reliability. The requirement to deliver a stable voltage has driven power delivery 
management as a major discipline within the packaging field, especially for pack-
aging high-performance logic devices such as microprocessors. 

 Challenges in microprocessor power delivery fall into three areas as described 
below:

   (a)    As the transistor feature-size scales, the device operating voltage continues to scale 
downward (Fig.  22.11a ) to maintain transistor reliability and to minimize power 
consumption. As microprocessor designs take advantage of silicon size and speed 
advances to provide improved performance, the electrical current to the micro-
processor chip has increased over time, although at a diminishing rate (Fig. 
 22.11b ). The net impact of both of these trends is that the impedance targets for 
the power delivery path, which is the ratio of the supply voltage to the supply cur-
rent, continue to trend lower (Fig.  22.12 ).  

   (b)    The power supply current draw, in typical microprocessor applications, can 
change suddenly and the power delivery network must be able to quickly 
respond to provide the charge; otherwise, the supply voltage may drop below 

  Fig. 22.11    Gate length, voltage, and current trends for Intel microprocessors       
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the minimum required value. This means that the power delivery network must 
be designed to meet the impedance targets across all frequency components of 
the supply current, which range from DC to high frequencies of several hundred 
megahertz. This task is accomplished by designing a multistage decoupling 
solution that has capacitors for high frequency mounted on the package (Fig. 
 22.13 ), capacitors for mid- frequency mounted on the motherboard close to the 
package, and capacitors for low frequency located at the output of the voltage 
regulator on the motherboard  [13] .  

   (c)    One of the unwanted consequences of device scaling has been the increase in 
transistor leakage power  [13] . To continue to provide increased  performance 
within a constrained power budget, microprocessors are undergoing an architec-
tural transition from single core to multicore designs  [14] . Additionally, the use 
of low-power sleep states has allowed chip designers to reduce power consump-
tion. Both these architectural transitions require careful design of the power 

  Fig. 22.12    Power-delivery target impedance (loadline) trend for Intel microprocessors       

  Fig. 22.13    Technologies for high-frequency decoupling       
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delivery network to ensure that the power delivery paths to each microprocessor 
core in its various operational states are optimized for minimal impedance.        

 Capacitor technologies for high-frequency decoupling in microprocessor 
 packages have evolved from the simple two-terminal (2T) capacitors to the more 
sophisticated interdigitated capacitors (IDC)  [13] . IDCs have reduced effective 
Vcc-Vss loop inductance due to multiple low-inductance current paths within the 
capacitor. The low-inductance current paths are a result of the innovative place-
ment of Vcc and Vss terminals this technology offers. Therefore, IDCs are more 
effective in reducing high-frequency noise than the 2T capacitors. Further reduc-
tion in  capacitor inductance is achievable by array capacitor technology that has 
area array  contact terminals on the surface of the capacitor and connections to the 
multiple conducting plated-through vias. Note that the high-frequency decoupling 
performance of any capacitor type can be enhanced by using many of them in paral-
lel. However, available package surface for capacitor attachment and the total cost 
of decoupling need to be considered in making a selection between any capacitor 
type and a larger quantity of the less advanced capacitors. 

 As the inductance of the capacitor is reduced, the inductance of the electrical 
path between the capacitor and the microprocessor becomes the next major chal-
lenge. The manner in which the capacitors are connected to the chip plays a major 
role in the effectiveness of managing the high-frequency load line of the package 
power delivery path. For example, capacitors placed on the package landside, 
directly under the silicon die, generally provide shorter and thus better power sup-
ply performance compared with die-side capacitors. Further power delivery per-
formance improvement can be achieved by embedding discrete or buildup 
capacitors within the package substrate and closest to the dispersed high-load 
regions of the die (Fig.  22.13b ). Embedding the capacitor would require improve-
ments to capacitor, substrate materials, and processing technologies  [15] . 

 Low-frequency impedance control is accomplished by reducing the DC resistance 
of the power delivery path between the motherboard voltage regulator and the micro-
processor chip. Typical solutions involve reducing the resistance of sockets, increas-
ing the number of package power and ground pins, and increasing the copper 
thickness for the package power and ground planes. To contain the potential increases 
in package size (and hence cost) due to increasing pin count, socket pin pitches have 
also been reduced over time. However, there are practical limits on reducing socket 
pitch and increasing pin count, which require exploration of alternate concepts such 
as separating the voltage-regulator power path and bringing it closer to the die.  

  22.3.2 Signal Bandwidth 

 Another key requirement to achieve high performance of the nanoscale electronics is 
to provide the computing machine with adequate data bandwidth. Increased transistor 
count, increased frequency, and improved design, such as multicore architectures, 
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drive the computing performance higher. With increase in the processing capability 
of the CPU, the interconnect links to the CPU need to have exponentially higher 
data bandwidth to meet the demands of high-performance applications such as 
graphics. Figure  22.14  shows trends in CPU core frequency and memory band-
width of traditional CPU and many-core architectures  [11] . The graph indicates that 
the memory bandwidth requirement for the many-core architecture is significantly 
higher than the requirement for traditional CPU architectures. Therefore, revolu-
tionary solutions are needed to synchronize data bandwidth with CPU performance 
while staying within the power and cost budgets.  

 Typically, bandwidth can be increased by increasing the data transfer rate and/or 
the IO count. Enabling high data rates brings big challenges to package and socket 
technologies. It is well known that at low frequencies, the package and socket can be 
treated as R, L, and C elements because their electrical length is much shorter than a 
wavelength. At high frequencies, the package and socket interconnects are treated as 
transmission lines. The material properties, manufacturing tolerances, and design 
scheme for signal lines, whose impact on signal integrity can be ignored at low-
frequency data transfer, can have substantial impact at high-frequency data transfer. 

 To increase data transfer rate, signal frequency is typically increased by manag-
ing the interconnect loss and controlling the impedance variation. The primary loss 
in package transmission lines is due to conductor losses. Since the signal lines 
today already use copper material, the conductor loss minimization would require 
improving its surface roughness and maximizing its cross-section area, despite 
the interconnect density increase described in the previous section. Increasing 

  Fig. 22.14    CPU core frequency and bandwidth trend       
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the conductor cross section leads to high aspect ratio signal lines requiring 
improvements in substrate material and processing technologies. The other oppor-
tunity for higher speed signaling is impedance control. A key optimization approach 
is to reduce signal path capacitance so that the  characteristic  impedance can be 
moved up to match system impedance, resulting in a smaller return loss. This is 
typically achieved through design and package dielectric material improvements. 
As the high-speed signal travels through the package interconnect, the signal waves 
encounter various discontinuities, or changes in characteristic impedance. Key dis-
continuities within a flip chip package occur at the transitions from the signal line 
to the large PTH and 2LI pad  [10 ,  16] . Each discontinuity causes a reflection and 
contributes to total signal delay and signal loss. As the signal speed becomes faster, 
the delay and loss can cause error in data transfer. Solutions for PTH discontinuities 
can include smaller PTHs or a coreless substrate that eliminates them. Discontinuity 
at the 2LI pad can be minimized by a smaller 2LI pad and/or creating a void on the 
metal plane above the pad to lower the pad capacitance. 

 Bandwidth increases from optimization of traditional interconnect paths, or 
from positioning of CPU, chipset, and RAM packages closer together on the moth-
erboard may not be enough to meet the demands of high-performance computing 
and multimedia applications in the future. Increasing the I/O count is another 
approach to increase bandwidth. This drives the interconnect density increase as 
described in the previous section, as well as a possible increase in package size and 
cost. As a result, solutions significantly different from today’s paradigm are 
needed. We show two such approaches: one uses the traditional multichip package 
(MCP) configuration for the CPU and the memory chips, or places CPU and the 
RAM side by side (2D configuration) on a single package, and the other uses a 3D 
stacking approach, or mounts the CPU on the RAM containing through-silicon vias 
(TSV). Figure  22.15  shows the basic idea of both approaches. The traditional MCP 
can provide a few hundred gigabytes/second bandwidth based on projected RAM 
performance around 2010. However, to achieve an order of magnitude of higher 
bandwidth, 3D stacking of the chips would be needed. The 3D stacking provides 
very high interconnect density and delivers bandwidth efficiency through higher 
data rate and improved power consumption. Significant materials development is 
needed to enable 3D stacking using TSV technology. Optical interconnect is yet 
another revolutionary approach to achieving high bandwidth  [17 ,  18] .    

  Fig. 22.15    Approaches for high bandwidth memory connection       
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  22.4 Thermal Management  

 The need for thermal management is not necessarily driven by silicon scaling, 
however, it is an important consideration that must be thoroughly understood for 
all nodes on Moore’s law. The thermal management problem for electronic compo-
nents in a computer is one of transporting the steady state thermal design power 
(TDP) from the die surface, where the temperature of the hottest spot on the die is 
maintained at or below a certain specified temperature (typically referred to as the 
junction temperature  T  

j
 ), to the ambient air at temperature  T  

a
 . Using a simple ther-

mal resistance model, the required thermal resistance is represented as the ratio of 
( T  

j
  −  T  

a
 ) over TDP. 

 The temperature difference ( T  
j
  −  T  

a
 ) is expected to trend lower over time since 

 T  
j
  will likely be forced lower by device reliability concerns and product perform-

ance expectations, while  T  
a
  will be forced higher due to heating of the air inside the 

chassis caused by increased integration and shrinking system sizes. The thermal 
problem could become increasingly difficult to contend with either due to increases 
in TDP, reductions in ( T  

j
  −  T  

a
 ), or a combination of both. Thus the thermal solution 

designer is faced with the challenge of developing a thermal solution that has a 
thermal resistance at or below the required thermal resistance. 

 The thermal management challenge may be described in terms of the following 
elements:

  •  Historically, increasing silicon performance for CMOS was accompanied by 
increasing TDP and was one of the main issues in thermal management  [17] . 
However, with the transition to multicore microprocessor architectures, dramatic 
increases in TDP do not occur when processor performance increases, and the 
thermal engineer today does not have to deal with unconstrained TDP levels.  

 •  In addition to an increase in TDP, thermal designers need to account for areas 
of thermal nonuniformity (typically power densities of 300 + W/cm 2  are possi-
ble). These high thermal flux regions are caused by a nonuniform distribution of 
power dissipation on the die. The thermal impact of nonuniform power distribu-
tion is schematically illustrated in Fig.  22.16 .     

  Fig. 22.16    Typical die power map and the hot spots on the corresponding die temperature map. 
The dark central region represents the highest temperature spot       
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 The general strategy for thermal management focuses on the following:

  •  Minimizing the impact of local hot spots by improved heat spreading  
 •  Increasing the power dissipation capability of the thermal solutions  
 •  Expanding the thermal envelopes of systems  
 •  Developing thermal solutions that meet business-related cost constraints  
 •  Developing solutions that fit within form factor considerations of the chassis    

 In this section, we will focus only on package-level thermal solutions. As dis-
cussed in  [19]  and illustrated in Fig.  22.17 , there are two thermal design architec-
tures. Architecture I is one where a bare die interfaces to the heatsink solution 
through a thermal interface material (TIM), and Architecture II is one where an 
integrated heat spreader (IHS) is attached to the die through the use of a TIM and 
the heatsink interfaces to the IHS through a second TIM. Architecture I typically 
has a lower profile compared with Architecture II, and is often used for microproc-
essors in mobile and handheld computers. Architecture II is typically used for 
microprocessors in desktop and server applications.  

 The goal of package-level cooling in Architecture II is to use the IHS to spread 
the heat while transporting it from the die to the heatsink. The heatsink in turn dis-
sipates heat to the local environment. In Architecture I, the base of the heatsink 
serves the function of an IHS in terms of spreading the heat. Since Architecture II 
serves to better illustrate the cooling strategy, we will use it in most of the discus-
sion in this section. The TIM between die and IHS is referred to as TIM1, and the 
TIM2 is the interface material between IHS and the heatsink. 

 To increase cooling capability, the strategy is to even out the temperature pro-
files due to nonuniform power distributions, as close to the source as possible, by 
spreading out the heat. Heat generated at the device is mostly conducted through 
the thickness in TIM1 with a minimal amount of spreading. The focus in optimizing 
TIM1 thermal performance is to minimize the thermal resistance to heat transfer 
through its thickness. This is accomplished by managing three parameters: (a) the 
intrinsic thermal conductivity of the TIM, (b) the thermal contact resistance of 
the die/TIM1 and TIM1/IHS interfaces, and (c) the thermal-interface thickness, 
also referred to as the bond-line thickness. At the IHS level, the heat spreads and 
some of the peaks in the power profile are smoothed out. The considerations in 
designing the IHS are to optimize two factors: the thermal conductivity of the IHS 

  Fig. 22.17    Schematic of the two basic thermal architectures, illustrating their primary heat 
transfer path. ( a ) Architecture I ( b ) Architecture II       
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material and the thickness of the IHS, while ensuring that the weight to the package 
is within acceptable limits. A thicker IHS of high thermal conductivity material will 
enhance heat spreading. Advances in package thermal resistance are traditionally 
measured in terms of an area normalized resistance  R  

 jc 
 , defined as

 R
jc
= ((T

jmax
-T

case
) / P) ´ A

die
, (22.1)

where  P  is the power dissipated uniformly on the die,  T  
jmax

  is the maximum die 
temperature, and  T  

case
  is a typical point on the IHS or heatsink. In the case of 

Architecture I,  T  
case

  is typically a point on the heatsink base over the center of the 
die, and in the case of Architecture II, it will be a point on the top surface of the 
IHS over the center of the die. Figure  22.18  shows some of the advances in  R  

jc
  over 

the past decade accomplished by materials and process improvements in the control 
of the TIM1 bond-line thickness.  

 As seen in Fig.  22.18 , incremental improvements in R 
jc
  are slowing down and future 

improvements must be accomplished through breakthrough materials technologies. 
 Copper is the primary material of choice for IHS because it is abundant, has high 

thermal conductivity, and is a cost-effective choice. Breakthroughs are needed in 
developing materials that can replace copper as the material of choice for the IHS. 
Additionally solders, epoxies, and greases filled with thermally conductive fillers 
are the most commonly used TIM materials. The discovery that carbon nanotubes 
(CNTs) have the highest thermal conductivity of any known material has created 
the anticipation of novel materials for use in microelectronic applications (Fig. 
 22.19 ) to further improve the thermal performance of packages in both IHSs and 
TIMs. In both these applications, enhanced thermal performance can potentially be 
achieved by embedding the CNTs in a metallic or organic matrix. However, their 
use in thermal applications has not been realized due to poor interfacial properties 
(e.g., contact resistance) at the CNT–matrix interface. This issue remains a key 
technical challenge for enabling the use of CNTs for thermal applications in micro-
electronic packaging. Overcoming this technical challenge will require a detailed 
understanding of the CNT interface as well as transport across CNT interfaces.  

  Fig. 22.18    Advances in  R  
 
jc

 
  for Architectures I and II       
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 Innovation of new CNT surface treatments will be required that provide both 
low interfacial resistance and good wetting and adhesion to matrices of choice. For 
a theoretical understanding of the interface, phenomenological relations and com-
putational models will have to be developed to enable the evaluation of interface 
resistances of nanotubes coated with a metal, ceramic, or polymer, closely simulat-
ing the bulk environment. It will be important to evaluate which of the modeling 
techniques (e.g., MD, Monte Carlo, etc.) can enable development of predictive 
models of nanotube interface structures and phonon transport along them. 

 Diamond is another material that has potential for use in spreaders and in TIM 
materials if it can provide superior performance to copper at equivalent cost. 

 Another significant area of interest is in the development of nanostructured 
thermoelectric materials due to the promise of highly efficient thermoelectric 
energy conversion  [20] . This interest is additionally sparked by the potential to 
integrate thermoelectric devices in the package or silicon to provide local on-
demand cooling. However, there are significant challenges that need to be over-
come to realize the potential of these materials  [21] . Challenges exist in integrating 
the thermoelectric materials in energy efficient modules that can be integrated on 
the silicon or in the package. A key area of concern is reducing electrical parasitic 
resistance in the contact technology for the thermoelectrics. Focus is also needed to 
ensure that the devices operate at high efficiencies for multiple operating conditions 
of the electronic components. Finally, the process for integrating the devices in 
 silicon or the package needs to be developed.  

  22.5 Structural Integrity  

 Advanced microprocessors depend upon transistor scaling to get improved per-
formance, generation over generation. The accompanying interconnect scaling on 
the die back end causes interconnect propagation delays to be a significant portion 
of the clock cycle time, impacting the chip performance. The transition from alu-
minum die back end interconnects to copper in the 1990s was the first step toward 

  Fig. 22.19    Thermal conductivity ranges show the potential for CNTs as a TIM       
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reducing interconnect propagation delay by reducing the interconnect resistance. 
Further reduction in interconnect delay in today’s technologies is achieved by 
reducing the capacitance in the interlayer dielectrics (ILD) (see Fig.  22.20  for a 
typical interconnect structure) through the introduction of materials with low die-
lectric constant,  k .  

 One of the consequences of creating lower  k  ILD materials, typically accom-
plished by increasing their porosity, is that the ILD materials become increasingly 
fragile  [22] . Elastic modulus and fracture toughness of these films decrease rapidly 
as porosity increases. It has been observed that after the die is assembled to the 
package, the ILD materials with lower adhesive and cohesive strengths experience 
ILD cracking underneath the flip chip bumps. The root cause of this failure is from 
two primary effects:

   1.    Stress on the ILD is created due to the mismatch in the CTE between the silicon 
(3 ppm/K) and the package substrate. The CTE mismatch in organic packages is 
significantly higher (~16 ppm/K) compared with ceramic packages (~6 ppm/K).  

   2.    The die to package interconnection, i.e., the flip chip bump transmits the CTE-
induced mismatch stresses directly to the ILD.     

 One approach to reduce packaging stress is to make FLI solders more compliant 
so as to dissipate more stress through solder deformation, thereby protecting the 
low- k  dielectrics. Another approach to reduce stress transfer to the ILD layers is 
through the use of geometrically compliant interconnects where mechanical com-
pliance in the interconnect joints is achieved by structural design of the joints. An 
example of compliant interconnects is shown in Fig.  22.21   [23] . This type of inter-
connect can be fabricated with standard lithography and electroplating technologies, 

  Fig. 22.20    Cross sections showing the interconnect structures in an SRAM       
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thus allowing manufacturability, and can potentially be scaled down to ultrahigh-
density interconnections. Some of the key challenges that this technology faces are 
the trade-offs between the electrical performance vs. mechanical compliance and 
the risk of fatigue due to the geometry of the joints.  

 A further extension of this approach with novel materials is to consider using 
CNTs (Fig.  22.22 ) or metallic nanowires to construct the above interconnect struc-
tures. Although potentially both metallic nanostructures and CNTs can be used as 
building blocks for these nanointerconnects, CNTs can be a better choice because 
of their ballistic conductance, high electromigration (EM) resistance as well as the 
excellent mechanical properties (e.g., supercompressibility)  [24] . However, signifi-
cant challenges will need to be overcome before some of these potential opportuni-
ties can be realized. These challenges include the low-temperature growth of highly 
aligned and high-quality CNTs, and understanding and resolving the CNT–metal 
interface contact resistance issues.  

 A key challenge for packaging is to develop packaging technologies and assem-
bly processes that minimize the stress induced in the on-die interconnect  [22] . 

  Fig. 22.21    Spring-like compliant interconnects used to minimize stress coupling between the 
silicon and package       

  Fig. 22.22    CNT interconnects on solder bumps: potential FLI solution  [25]        
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Solution strategies implemented today to successfully deliver low- k  ILD require 
close collaboration between silicon back-end engineers and packaging engineers, 
and involve considerable integration challenges in areas of materials, design, and 
process development. The complex material, design, and process integration have 
also highlighted the need for predictive modeling of the stress states in the silicon 
back end to be able to make the right choices. 

 Typical package polymer materials require a combination of mechanical proper-
ties, e.g., CTE of < 16 ppm/K, controlled mechanical modulus, high toughness, and 
low moisture absorption. Significant improvements in several composite material 
properties, such as its modulus, CTE, and toughness, may be effected by the addi-
tion of certain nanoparticles to the polymeric formulation (Fig.  22.23 ). These 
changes can be accomplished with minimal impact to manufacturing aspects of the 
material such as its rheology. The key challenge is to develop and integrate these 
materials and to achieve the required properties simultaneously. Significant research 
will be required for designing and tailoring the nanoparticle–matrix interface, achiev-
ing the desired nanoparticle dispersion within the polymer matrix and developing an 
appropriate  rule of mixtures  for nanocomposites. Since the nanoparticle–matrix inter-
face appears to control a nanocomposite’s properties, novel and appropriate chem-
istries are needed to optimize the design of a nanoparticle–matrix interface to 
obtain a specified combination of composite properties. Finally, empirical rules of 
mixtures exist for only a few nanocomposite systems, but global, predictive, rule of 
mixture guidelines for nanocomposites are needed to enable designed nanomaterials 
with optimized sets of specified properties.   

  22.6 Form Factor Management  

 Smaller form factor systems have been a general trend in the electronics industry 
for quite some time. This trend is important in mobile computers and is critical in 
ultramobile systems such as the cell phone (Fig.  22.24 ).  

  Fig. 22.23    Schematic illustrating the potential benefit of nanocomposites  [26]        
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 The packaging industry has been responding to this demand very well. In the 
early phase of package form factor reduction, smaller body size was achieved by 
simply reducing the second level interconnect pitch. Later, package thickness 
was also reduced by thinning the die (Fig.  22.25 ) and other dimensions such as 
thickness of mold compound over the die. That eventually led to the chip scale 
package (CSP) concept, where the package area was reduced to less than 1.2 
times the die area  [27]  as compared with ~2–10 times the die area with the tradi-
tional plastic ball grid array (PBGA) technology. CSP was achieved by reducing 
BGA pitch, wire bond lengths and wire loop heights, thinning the die, and 
improving the mold material and process. A molded matrix array package 
(MMAP) assembly process facilitated high-volume CSP production. Packaging 
concepts such as quad flat pack no-lead (QFN) and wafer level package (WLP) 
also fall into the CSP category.  

 The conventional CSP was followed by stacked-die CSP (SCSP) with multiple 
wire bonded dice stacked inside the same package. This required further thinning 
of the die, extreme control over wire bonding, die attachment and molding proc-
esses, and thinning of the substrate. Further reduction of package thickness or 
larger numbers of stacked die may require widespread use of flip chip packaging 
and TSV processes  [28] . 

 For stacked die packaging, die test yield is an important consideration. 
Compounding of die test yield loss limits the maximum number of dice that can be 
affordably stacked  [29] . In addition to this limitation, business considerations such 
as multiple supply sources and inventory management led to the adoption of the 
package-on-package (PoP) concept (Fig.  22.5 ). PoP allows the system manufac-
turer to source the top and bottom packages from different suppliers and then 

  Fig. 22.24    Evolution of mobile phones (source: Prismark Partners LLC)       
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assemble the components with only a small penalty to system volume when com-
pared with the SCSP. Note that PoP may include stacked die within its top and/or 
bottom packages. 

 Both SCSP and PoP enable chips from the same and/or different process tech-
nologies to be placed inside the same package. Thus, logic, DRAM, and RF chips 
can be assembled in the same package. Such a package performs like a system or 
subsystem and is commonly known by the term system-in-a package (SiP). There 
are many types and variations of SiP  [30] , the majority of which play key roles in 
form factor reduction of the ultramobile system. 

 Challenges for SiP are manyfold. These include creating appropriate industry 
standards to manage PoP interfaces and defining die bond pad locations and assign-
ments to efficiently interconnect the various chips inside the package. It is also 
important to find an affordable means of assuring known good die (KGD) before 
committing it to the SiP. Arguably, the most critical challenge for SiP and other 
thin packages is managing technical issues associated with extremely thin die. The 
thin die challenges include the thinning process, stress-induced electrical property 
changes, and package warpage. Wafer thinning down to 40 µm and in some cases 
to 10 µm or less  [30]  would require good control over thickness variation, including 
surface roughness, relieving residual stresses caused by the thinning process, and 
protecting the die from chipping and cracking during wafer thinning and die singu-
lation. Handling of the significantly warped thin wafer and die is another key chal-
lenge. Improved carriers as well as pick and place equipment would be required to 
keep the wafer and die flat during the assembly process. It is shown that mechanical 
stress may induce changes to the electrical properties of the transistors  [31] . The 
choice of die configurations and changes in material properties and dimensions of 

  Fig. 22.25    Minimum die thickness trend (source: Prismark Partners LLC)       
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the various constituents of a thin package can have significant impact on the stress 
level of the thin die. A thin package with thin die is prone to warpage due to its low 
stiffness. Future decreases in die thickness are expected to make this problem 
worse, impacting the board assembly yield. Making the problem even more chal-
lenging is the need for a more coplanar BGA ball field to enable board assembly 
with finer BGA pitch. Solutions for these challenges would need innovation in 
packaging material and process technologies.  

  22.7 Summary  

 In this chapter, we have illustrated some of the key drivers that have influenced the 
evolution of the high-performance logic packaging in consumer and business com-
puting systems as well as in ultramobile devices. As the silicon features go deeper 
into the nanoscale, packaging technologies will be challenged to extend the trends 
in physical density scaling, power delivery, signal bandwidth, thermal manage-
ment, structural integrity, and form factor reduction. 

 Delivering innovative packaging solutions to meet these challenges would 
require successfully accelerating the transition of emerging technologies, like nan-
otechnology, from research to affordable implementation. However, the trend of 
increasing complexity has the tendency to increase the development cycle time and 
also increase the cost of packaging. Opportunities to successfully leverage emerg-
ing technologies to address complexity and cost will continue to present themselves 
as significant challenges, as well as huge competitive advantages.      
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   Chapter 23   
 Nanoelectronics Landscape: Application, 
Technology, and Economy       

     G.  Q.   Zhang          

  23.1 Introduction  

 The semiconductor industry and its suppliers are the cornerstones of today’s high-tech 
economy. Representing a worldwide sales value of $340 billion in 2005, the sector 
supported a global market of more than $1.3 trillion in terms of electronic systems 
and an estimated value of $6 trillion in services, with applications ranging from trans-
portation to health care, and from general broadcasting to electronic banking. 

 The shift from the past era of microelectronics where semiconductor devices 
were measured in microns (one millionth of a meter) to the new era of nanoelec-
tronics where they shrink to dimensions measured in nanometers (one billionth of 
a meter) will make the semiconductor sector even more pervasive than it is today. 
It will allow much more intelligence and far greater interactivity to be built into 
many more everyday items around us, with the result that silicon chip technology 
will play a part in virtually every aspect of our lives, from personal health and traffic 
control to public security. 

 This chapter will briefly summarize the current and potential application 
domains, highlight the major technology challenges and research agenda, and discuss 
the economic implications of micro/nanoelectronics.  

  23.2 Applications  

 The society of the future expects environments that are sensitive and responsive to 
the presence and needs of people, characterized by many invisible devices distrib-
uted and connected throughout the environment – devices that know about their 
situational state, that can recognize individual users, tailor themselves to each 

 G.Q. Zhang
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user’s needs, and anticipate each user’s desires without conscious mediation. In 
other words, environments will be of more and more Ambient Intelligence. 

 Although micro/nanoelectronics is relevant for nearly all aspects of human life, 
the following six application domains, each of them driven by clearly recognizable 
societal needs, will be highlighted in this chapter  [1  –  4] . 

  23.2.1 Health 

 The continuous rise of healthcare costs, in most highly developed countries, substan-
tially higher than the rise of the GDP, calls for a reform of the healthcare systems to 
increase the efficiency and to improve the quality. One way to achieve this is the 
move from  how to treat patients  to  how to keep people healthy and prevent illness . 

 The current health reform going on in several countries, including the 
Netherlands, leads to an increased responsibility for individuals with respect to 
choice (which doctor, which hospital, which insurance and insurance level). This 
results in a situation that individuals need to be informed how to invest in effort as 
well as money. Also the organization of healthcare outside hospitals (primary care 
in group practices and week-end service, care after discharge, and care pathways or 
“ketenzorg”) leads to a situation that several care professionals are involved in the 
care of patients. All these professionals should have access to up-to-date informa-
tion of the patient involved, not only in their offices but also on the move. In the 
situation of care after discharge and prevention of recurrent hospitalization of 
chronic patients, telemonitoring and remote support of patients will be important. 

 The proper means to do this is however not available yet, or only rudimentary 
implementations exist. Examples of means in this area are sensors or sensor net-
works that capture relevant signs from individuals and send them to a health appli-
cation, which can give personalized advice taking into account the health 
information stored at several locations (including the electronic health records at 
hospitals and general practitioners). An approach like this would not only support 
patients recovering from diseases or having a chronic disease but also individuals 
who want to maintain healthy condition by maintaining a healthy lifestyle. 

 Requirements in this domain are sensors and actuators (including the connection 
to sensor networks for home and mobile monitoring, security and privacy), fine-
grained role-based access control, interoperability standards, data exchange proto-
cols on the application level, use of multiple access networks to an internet 
backbone, dynamic configuration of services, web services technology, and ecosys-
tems that allow multiple electronics health record services (from hospitals, GPs, 
other care providers) to collaborate. 

 Also, many improvements are necessary for the care cycle itself, which can be 
described as a healthcare workflow involving technologies inside and outside the 
hospital to prevent, diagnose, treat, and monitor diseases. To improve the life expec-
tation of the patient, the time between the patient entering the hospital and the treat-
ment should be as short as possible. This also needs minimal invasive treatment as 
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the standard way of medical intervention. In addition, optimization of the  information 
flow around the patient is a key so that all necessary information is available and can 
be assessed when needed, including patient history, anamnesis, medication, previous 
images, etc. 

 To support the reduction of the time in the hospital it is important to be able to 
track the movement of patient through the hospital. Relevant information of the 
patient should preferably be prefetched at each place of contact with the personnel. 
This implies the availability of a safe and secure ambient identification system. In 
addition, fast access to all relevant historical and current medical information of the 
patient is important. Diagnostic imaging, being a key technology for obtaining 
actual patient information, should be processed and result in short times to well-
structured information in all relevant aspects. This involves massive image processing 
in short times using segmentation to isolate organs and associated metabolistic 
processes based on molecular imaging technologies such as PET and SPECT. 
Multimodality interventional rooms (X-MR, X-CT, X-Spect, PET-CT) are impor-
tant to monitor and assess the staging and treatment progress of the patient. The 
availability of multiple modalities and multimodality processing will speed up the 
whole treatment process considerably, improve patient outcome, and reduce costs. 
Clinical outcome can also be improved in a more cost-efficient manner by predict-
ing treatment planning through the use of advanced numerical simulation tools. 

 Moving the monitoring of patients after treatment to outside the hospital can 
further reduce hospital time. Patients may be managed remotely at home, or in less 
expensive  recovery homes . This needs reliable, safe, and secure network connec-
tions between the medical personnel and the patient. The monitoring system should 
be mainly autonomic relating the monitored information to the profile of the 
patient. Alarms should be precise and in time to enable direct treatment of endan-
gering complications. In urgent situations, ambulances should be connected to the 
network to enable precise treatment already during the transport of patients. 

 Minimal invasive treatment needs actual image information during surgery. 
Virtual simulation of endovascular devices prior to treatment will become a standard 
method for determination of device dimension, position of its deployment, and 
determination of potential complications. This enables the doctor to see what is hap-
pening without operating the patient. As a consequence, in even shorter times, the 
same well-structured information about the present state of the patient should be 
available. Therefore, improved medical equipment, mainly diagnostic medical imag-
ing as well as catheters and associated equipment, should be developed to address 
these needs. In particular, earlier obtained medical data of the patient should be 
related to the present position of the patient. This should not be disturbed by intrinsi-
cally moving parts of the patients (heart, lungs). To reduce the amount of damage 
caused by the treatment, the medical equipment should be as intelligent as possible 
to find its way semiautomatically through the patient via the best possible way. 

 Reduction of failures can be achieved in several ways. Formalizing the medical 
know-how in accessible databases enables the selection of the right protocols for 
the right situation. Semiautomatic support guides the course of diagnosis and treat-
ment according to these protocols. In deviant situations, new protocols should be 
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selected or added by the medical specialist. Advanced information technology is 
necessary to support decisions and to plan and execute the workflow in real-time 
situations. As the patient is moving within and outside the hospital, wireless devices 
are needed to ensure that the right treatment is given to the right patient. 

 Another domain is prevention. This can be achieved by population screening 
(for high-impact diseases such as breast, prostate, and colon cancer). However, the 
analysis of information and the low number of exceptions requires technologies 
like computer-aided detection to improve the productivity of radiologists. 

 IT services, like long- and medium-term storage of patient data, will be out-
sourced to reduce the management costs. External medical information needs to be 
added to improve the diagnosis and the treatment plan. Hospital infrastructures 
need to support the incorporation of real-time safe and secure access to external 
services at any time. 

 Fast, highly sensitive DNA/protein assays made possible by innovative new bio-
sensors will allow many diseases to be diagnosed “in vitro” from simple fluid sam-
ples (blood, saliva, urine, etc.) even before sufferers complain of symptoms. Similar 
tests will identify those predisposed to certain diseases, allowing them to enter 
screening programs that will identify early onset of the disease. Conventional and 
molecular imaging, increasingly combined with therapy, will pinpoint and eradi-
cate diseased tissue. Early diagnosis will lead to earlier treatment, and earlier treat-
ment to better prognoses and aftercare. By  nipping disease in the bud  it will make 
many therapies either noninvasive or minimally invasive. Equipped with body sen-
sors that continuously monitor their state of health and report significant changes 
through telemonitoring networks, patients will be able to return home sooner and 
enjoy a faster recovery. Nanomedicine will also revolutionize prosthetics, with bio-
implants restoring sight to the blind and hearing to the deaf. Automated drug-delivery 
implants will prevent conditions such as epileptic fits. 

 Nanoelectronics will pose many challenges, such as the biocompatibility of the 
materials, reliability, and the need for very low power dissipation. Developing 
implants in biocompatible packages will push system-in-package (SiP) miniaturi-
zation to the limits, while at the same time having to cope with the integration of 
devices such as biological sensors, nanoelectro-mechanical system (NEMS)/
mechatronics devices, optical devices, energy scavenging systems, and RF inter-
faces. At the same time, many of these highly complex heterogeneous systems will 
have to provide life-support system reliability.  

  23.2.2 Mobility/Transport 

 The following aspects are essential to achieve sustainable road transportation: 
safety (increased safety for all road users), mobility (meeting the significant 
growth and changes in mobility and the transport of goods), and sustainable pow-
ertrain (reducing environmental impact and managing the efficient use of energy 
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resources). As the volume of traffic on our roads continues to increase, there will 
be an increased demand for safety management systems that outperform their 
drivers in terms of speed control and collision avoidance through drive-by-wire 
systems. At the same time, there will be a need to transfer an increasing amount 
of data to and from moving vehicles, not only for driver information, navigation, 
and entertainment systems, but also for vehicle tracking and road toll applica-
tions. The world’s limited oil and energy resources will stimulate the develop-
ment of far more fuel-efficient vehicles as well as new alternative energy (battery 
or fuel-cell powered) vehicles. Nanoelectronics will be at the heart of many of 
these advances. 

 With the current revolution in electronics and electronic applications, the auto-
motive industry is faced with a new technology: HMI (human machine interaction). 
This is the field of expectations and acceptance of, and attitude and behavior 
toward, new intelligent vehicle systems (e.g., drive-by-wire systems). Although 
HMI is not new in itself, other requirements are requiring new research. HMI is 
becoming increasingly important with respect to driver safety and safety of all road 
users, efficiency, and productivity in the field of professional transport and comfort. 
Electronics allow for most comfort improvements; infotainment is probably the 
strongest growth segment within this area. 

 Throughout the automotive industry, a digital revolution is taking place that has 
prompted the emergence of a new innovation area: Dependability and Information 
and Communication Technology. Electronics and, subsequently, software, are key 
challenges for R&D and for the automotive industry. In 2002, the value creation per 
car on electrics/electronics including software was 20% – of which some two-thirds 
were in software alone. More than 90% of all future automotive innovations will be 
driven by electronics and embedded software, including other drivers for more 
complex embedded systems – in addition to active safety systems – such as for 
more comfort: with in-car information, navigation, and entertainment, and helping 
the environment: less pollution, lower fuel consumption, new fuels, alternative pro-
pulsion technologies, etc. In 2015, the value creation of electronics will be 35–40% 
of total value creation per car. 

 Electronic automotive systems have to withstand very harsh environments, 
including high temperatures, humidity, vibration, fluid contamination, and EMC 
(electromagnetic compatibility). While these problems have largely been solved for 
conventional IC-style packaged devices, a whole new set of challenges will have to 
be faced when these packages also contain integrated sensor, actuator, mechatron-
ics or optoelectronics functions. Some systems, such as collision avoidance radars 
and engine-assist/traction motor drives, will push the performance limits of current 
high-volume low-cost semiconductor solutions in terms of frequency capability or 
power/thermal handling. In addition, the critical role in drive-by-wire systems will 
require extreme reliability, with failure rates down to a few parts per billion, which 
means zero defects for the whole production volume of a device. On top of this, the 
automotive industry imposes special constraints such as parts warranty for up to 20 
years and conformance with EU directives.  
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  23.2.3 Security 

 Security reflects itself in public demand for personal emergency and home security 
systems, and government-led protection from crime and terrorism. There is a need 
for massive deployment of personal protection without restriction of liberty, which 
means that safety and security systems need to be both reliable and easy to use. We 
need to improve the recognition of individuals and detection of threats such as 
explosives and chemical warfare agents (CWA). Nanoelectronics will provide the 
necessary sensors, computing power, and reliability at cost levels that allow safety 
and security to be built into the fabric of our environment. These system will 
includes advanced algorithms within the embedded systems that fit in an infrastruc-
ture and standards necessary for an integrated solution . 

 Massive deployment for military, civil security, and personal safety requires the 
costs of these functionalities to decrease tenfold. For example, the department of 
defense (DOD–USA) needs for miniaturized detectors amount close to US$500 
millions, and the personal markets in the EU and US alone following the military 
and civil market will increase to more than US$5 billions. 

 Safety and security systems can be divided into three groups: first, low-cost personal 
emergency and home protection systems, which are affordable for consumers, sec-
ond, high-performance, high-efficiency systems for applications such as airport, 
transportation, seaports, shopping malls, etc, and third, distributed information systems 
such as electronic banking, electronic ordering and payment, health information 
systems within hospitals, between multiple care providers and patients outside hospi-
tals. For these applications, it is essential that traditional security and privacy solu-
tions of the IT system of closed infrastructures be extended to include general purpose 
and dedicated devices (remote monitoring) at multiple locations, authentication, and 
identification of persons. To enable massive deployment, these systems need to be 
unobtrusive and of low cost. Therefore, these systems must be small and easy to use, 
and only high levels of miniaturization are able to serve this unmet market demand. 
Yet their requirement to be highly reliable also means that they must be complex and 
multifunctional so that they make decisions based not on a single parameter but on 
combinations of parameters (fingerprint, voice, iris pattern, etc.) This will involve the 
integration of a wide range of sensors, MEMS/mechatronics, and photonic devices. 
Such devices will also need to communicate reliably by wired and wireless networks, 
and they must be made tamper-resistant and able to withstand environmental conditions 
that might affect their performance (radiation, chemical corrosion, shock, etc.).  

  23.2.4 Communication 

 People are becoming used to having easy access to friends, relations, and information 
services, and more frustrated when that access is not available to them. Making infor-
mation available anywhere at any time relies on connectivity and  communication, 
increasingly via the use of wireless-based networks (cellphones, Wi-Fi networks, 
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etc.) to meet the  anywhere  requirement. In future, such communication systems must 
be easier to use, even to the point where specific connectivity channels become irrel-
evant to the user. Information will simply tunnel itself to its destination by whatever 
communication channels are available. At the same time, the bandwidth of systems 
will increase dramatically to cope with the increasing amount of data that people want 
to move around (voice, pictures, video, file transfer, etc.). We need to ensure that they 
will become much more secure against eavesdroppers and hackers. 

 Nanoelectronics will be required not only to meet the miniaturization require-
ments of handheld portable communications devices but also to allow much more 
functionality, in terms of the number of different communication channels, to be 
packed inside them. The  multiband multimode  devices that this will enable will be 
the key to decoupling communication from specific communication pipes, herald-
ing a whole new era of seamless communications. At the same time, wireless com-
munication channels will move to higher frequencies to increase data rates and 
maximize spectrum usage. This will require the increasing integration of RF 
MEMS and new RF architectures that allow circuitry to be reused across many 
different RF channels and modulation schemes. 

 Embedded systems technology is needed to bind the systems together in end-to-
end services to deploy this into easy-to-use systems complying with the needs of 
the users, fitting with their day-to-day tasks and their personal lifestyle. 

 As portable communications devices pack more functionality, low-power con-
sumption will become an even more critical requirement. The need to keep devices 
active for long periods of time between battery recharges or even autonomous in 
terms of energy supply will require the integration of energy scavenging devices 
that pull and store power from the local environment. At the same time, affordabil-
ity, reliability, and environmental compatibility (disposability, recycling, and reuse) 
will be other major drivers.  

  23.2.5 Education/Entertainment 

 Content for education and entertainment must not only be accessible anywhere and 
anytime, but it must also be of the right quality and accessible in the right format. 
Access to information will be required in many different locations (at home, in the 
car, in the street, in hotels, etc.) and delivered through a variety of channels (terres-
trial, satellite, cable, phone line, wireless, discs, etc.). Yet in each location the ren-
dering device for that content, and people’s expectations of it, will be different (e.g., 
what is expected from a flat-panel TV set compared with a videophone). Digital 
media, such as DVDs and HDTV, have increased people’s expectations of video 
quality, yet this video quality will have to be delivered through existing networks. 

 The need to deliver high-quality media through a range of different communication 
channels while maintaining the required quality will need new developments in multi-
format encoder/decoders, data compression and transmission systems, with media 
broadcasters (e.g., internet servers) automatically tailoring transmission to the capabil-
ities of the rendering device on which the content will be experienced. Storage and 
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distribution (CD, DVD, digital home networks, etc.) will need to be developed that are 
compatible with the digital rights management requirements of content providers. 

 Content producers will require new equipment (e.g., HDTV studio equipment 
and lightweight portable HDTV cameras) to capture content, and content providers 
will need advanced video compression and transmission schemes to distribute it. 

 The demand for users to create, manage, and even publish (sometimes to a 
selected audience) their own content will also require significant advances in areas 
such as image capture (digital cameras, camcorders, etc.), image analysis, and pic-
ture quality improvement at affordable consumer-product prices. 

 Interactive content presented in, for example, virtual worlds and games needs 
the development of new standardized content formats, presentation devices (with 
enhanced experience beyond the current TV and PC, such as light effects, advanced 
audio, 3D video, and experience movement), and new interaction means (gazing, 
gestures, etc.). This will need new sensors and actuators as well embedded systems 
technology to deploy them.  

  23.2.6 Energy/Environment 

 Among the key concerns set out in the renewed European Sustainable Development 
Strategy, those connected to Energy are at the first place. The expansion of energy 
consumption, related to better life conditions, and to the increased need for mobil-
ity, is putting the world energy resources under a serious stress. The rise of new 
economic powers, like China and India, will probably further accelerate the request 
for energy, at a moment when the consumption of fossil fuels is already raising 
serious concerns about global warming and resulting climate changes. 

 Tapping new energy sources will no longer suffice to meet the future energy 
demand. Even the most optimistic evaluations for the introduction of renewable 
energy sources do not see more than 10% coverage of future needs. The main new 
energy source that will be readily available is energy saving. Already in the last 20 
years, the electronic control of industrial processes, of engines, of illumination has 
produced significant savings in energy consumption. However, there is still ample 
space for improvement. 

 In a recent document, the European Commission estimated that around 20% of 
energy usage is wasted due to lack of efficiency. It is in this field that nanoelectron-
ics can play a major role. Among the areas where nanoelectronics can drive the 
energy saving, we can mention engine management, for cars and planes, household 
appliances, illumination and heating, and traffic coordination. The final result will 
be not only a drastic reduction in energy consumption, but also a significant contri-
bution to the protection of the environment. 

 Nanoelectronics can support the fight to protect the environment also in other 
ways: networked autonomous sensor can keep track of critical data, such as air and 
water pollution, forest fires, earthquakes, and volcanic eruptions. An integrated 
 network of sensors supported by distributed computing capabilities can improve our 
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 knowledge of meteorological and geophysical phenomena, thus preventing large-
scale disasters, while the introduction of bioelectronic devices, capable of providing 
real-time DNA analysis will contribute to prevent the spread of diseases. 

 The deployment of these applications will require significant progress in the field 
of sensors, but also in the fields of RF communications, energy scavenging, and cheap 
and low-energy computation power. Care for the environment also needs production 
technologies, materials, and product properties that allow recycling and reuse.   

  23.3 Technology  

 Explosive technology development has been playing a vital role for the success of 
the semiconductor industry. The future development of semiconductor technologies 
can be outlined in the following six domains  [1 ,  3 ,  5 – 7] . 

  23.3.1 More Moore 

  More Moore  covers the development of logic CMOS and memory technology, 
essentially controlled by scaling, and following Moore’s Law. The key technologies 
are as follows  [1 ,  6] : 

  Lithography : The challenging issues are developing technology and infrastructures 
to extend immersion lithography to 45 and 32 nm, developing a technology and 
infrastructure for extreme ultraviolet (EUV) lithography for below 32 nm, develop-
ing strong infrastructures for resist development and understanding of the limiting 
mechanisms, developing maskless lithography (ML2) for early development/proto-
typing/low-volume production, and clarifying the importance/potential of imprint 
and other nonevolutionary lithography strategies. 

  Logic Technologies : The challenging issues are developing coengineered substrates/
materials/devices, developing technology and devices for high- k /metal-gate stacks for 
32-nm generation, developing technology and devices for three-dimensional structures 
(multiple gates and channels) for 32-nm generation, developing physical understanding 
of the limits of the transistors, e.g., transport physical mechanism, device matching, 
impact of atomic level statistical fluctuations, assessing limits of the low- k /Cu-interconnect 
scheme, and developing innovative solutions (such as air gap, 3D). 

  Memories : The challenging issues are integration density, which translates into an 
aggressive scaling path, followed by nonvolatility, speed, and energy consumption. 

  Dynamic Random Access Memories : The challenging issues are developing new 
materials for capacitors, developing new memory structures for beyond 30 nm, and 
introduction of 450-mm wafers. 

  Nonvolatile Memories : The challenging issues are new materials: high- k  as  interpoly, 
discrete trap layer for charge storage and low- k , 3D cell structure exploration.  
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  23.3.2 Beyond CMOS 

 “Beyond CMOS” covers the most advanced research activities to allow scaling of 
logic and memory functions to continue beyond the physical limits of silicon-based 
CMOS technology. 

 After more then 30 years of scaling according to Moore’s law, we are rapidly 
approaching the CMOS scaling limit because we are reaching a point where an 
increase in power consumption coincides with an insufficient increase in operating 
speed. These highly undesirable effects are caused by a decrease in channel mobility 
and an increase in the interconnection resistance for smaller process geometries. The 
power consumption is largely due to increased leakage currents, short channel effects, 
source-drain tunneling, and p/n junction tunneling. Moreover, interconnections are 
increasingly becoming a limiting factor: the decrease in the pitch of interconnections 
and in the size of contacts and vias is causing an increase in overall resistance, while 
the reduced spacing is increasing propagation capacitances. The consequence is an 
increase in propagation delays, and in the power consumption related to charging and 
discharging of interconnects to a point that already in today’s 90-nm logic devices, a 
significant portion of transistors is dedicated only to driving interconnection lines, 
without playing any computational role. Physical limits of existing materials have 
been reached, and no large progress can be expected in this area. 

 On top of that, the increasing impact of defects and the high level of complexity 
in both lithography and design have resulted in manufacturing costs rising dramati-
cally. At the same time, the variability induced by the process variation at this 
nanoscale impacts also the yield and thus the cost. Even without taking into account 
physical limits, all these combined effects push us closer to a point of reaching the 
limit of CMOS scaling. 

 Development beyond CMOS technology can be realized by a gradual and evolution-
ary approach, introducing nanotechnology concepts and structures into the classical 
CMOS technology. Examples are developing disruptive technologies for replacing 
CMOS. Examples of architectures are quantum cellular automata, cellular networks, 
reconfigurable computers, quantum computing, and biologically inspired architectures. 
Examples of devices are D-logic devices, i.e., semiconductor nanowire devices and 
carbon nanotube FETs, resonant tunneling devices (RTT, RTD-FET), nanofloating gate 
memory, nanowire memory, molecular memory, molecular switch, single-electron tran-
sistors (SET), spin logic and memory devices, and ferromagnetic logic devices.  

  23.3.3 More than Moore 

 In recent years, we have witnessed the emergence of an increasingly diverse area of 
microelectronics that goes beyond the boundaries of Moore’s law into the area of “More 
than Moore” (MtM). From a technology perspective, MtM refers to all  technologies 
based on or derived from silicon technologies, but that do not simply scale with Moore’s 
law. A typical example is the ongoing integration of passive components such as induc-
tors, capacitors, and resistors onto silicon to meet the integration requirements of 
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today’s multiband multimode mobile phones. Other examples are high-voltage, power, 
analogue, RF devices, solid-state lighting, sensors, and actuators. 

 Current nontraditional CMOS semiconductor process technologies exist, which 
implement high-voltage, low power, analogue, and radio frequency devices, and 
solid-state lighting. In addition to this, dedicated new technologies are needed to 
realize mechanical, thermal, acoustic, chemical, and optical functions. Combined 
nano and biotechnology is also around the corner, both elements of which will 
require different new wafer-processing technologies. Heterogeneous integration 
will then be the key enabler for integrating these diverse semiconductor technolo-
gies into smart and multifunctional products. In the world of Ambient Intelligence, 
it will eventually lead to a direct interface with the human body or the environment, 
embedding power sources with the electronics, and enhancing electronics with 
nonelectronic functions. Therefore, from an application perspective, MtM enables 
functions equivalent to the eyes, ears, noses, arms, and legs of a human being, along 
with the brain provided by microprocessor and memory subsystems. 

 The technology challenges for MtM are application and product specific, such 
as RF, sensors/actuators, biofluidics, HV and power, MEMS/NEMS, etc. Some 
generic issues are as follows:

  •  Integrated process development via mastering the requirements and interaction 
among IC, package, and heterogeneous systems  

 •  Establishing reusable design platforms, processes, and assembly environments 
for cost-effective mass implementation of a wide range of CMOS-compatible 
sensor/actuator/MEMS  

 •  Multiscale simulation, modeling, and characterization for multiphysical behav-
ior of MtM processes and products  

 •  Designing for reliability, testability, and manufacturability     

  23.3.4 Heterogeneous Integration 

 The future of ICT will see a combination of MM and MtM components, combined 
in one package ( System-in-Package  or SiP). SiP refers to (multi)functional systems 
built up using semiconductors and/or in combination with other technologies in an 
electronic package dimension. SiP focuses on achieving the highest value for a sin-
gle system package, by extreme miniaturization, heterogeneous function (such as 
electrical, optical, mechanical, bio, etc.), integration, short time-to-market, and 
competitive function/cost ratio. Its concept applies to quite diverse technologies, 
such as semiconductors, sensors, actuators, power, RF modules, solid-state light-
ing, and to various healthcare devices. To distinguish between various SiPs, one can 
characterize SiPs into three categories. The first refers to packages with multidies, 
such as McM, PiP, and PoP. The second refers to subsystems built up using more 
than just IC process, such as passive integration. The last, the most challenging one, 
refers to subsystem with more than electric functions, built up using multitechnolo-
gies and heterogeneous integration. 
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 With such a SiP solution, the application benefits from a comparable level of 
miniaturization to that achievable with a  System on Chip  (More Moore) solution, 
from the enhanced functionality of MtM solutions, and from having each part of the 
system fabricated in an optimum process technology. The technology behind such 
SiPs is heterogeneous integration. Heterogeneous integration will not only bring all 
these components together into one package but also provide an interface to the 
application environment. It therefore represents the glue between the world of 
micro/nanoelectronic devices and systems that humans can interact with. 
Heterogeneous integration has to ensure the integration of components based on 
different technologies and materials. For example, an ultraminiature single-package 
biosensor could contain photonic components for detection, RF components (using 
InP or GaAs) for communication, logic components for data compression and com-
munication protocols, and energy scavenging or energy storage components (ther-
moelectrics, fuel cells, thin-film batteries) for power supply. 

 The major technology challenges can be defined from three integration levels: 

  Wafer-Level Integration : Research issues are integrated passives (by layer deposi-
tion) and thin devices, integration of coupling caps, vertical chip integration by 
through-silicon-vias/power-vias, thin wafer technologies such as dicing and han-
dling, thin interconnects and impact on overall device performance, and secure 
package technologies. 

  Module Integration : Research issues are embedding of devices, flexible substrates 
(for reel-to-reel manufacturing), integration of optical interconnects, and photonic 
packaging. 

  Interconnect, Assembly, and Packaging : To cope with the integration needs of MM and 
MtM, interconnect, packaging, and assembly become the bottlenecks in system cost 
and performance, and the assembly and packaging role is expanding to include system 
level integration functions. These factors drive an unprecedented pace of innovation in 
new materials (Cu/low- k , green materials, high- k  dielectrics), new technologies (wafer 
thinning, 3D, and heterogeneous integration, WLP, MEMS packaging, passive/active 
integration), heterogeneous systems integration including ultrahigh integration density, 
integration of different functions in one module/package, integrated on-chip/off-chip 
design as well as system partitioning/modularization, optical inter and intrachip com-
munication, integrated power conversion and storage, nanopackaging and nanoassembly, 
short time to market, and low cost. Other research issues are microbumps, high-
temperature interconnects, package and die stacking, self-alignment/alignment sup-
port, integration of advanced cooling concepts, and materials.  

  23.3.5 Equipment and Materials 

 The challenges that semiconductor-related equipment are facing are similar to the 
challenges of the device manufacturers: shrinking dimensions of the structures, more 
three-dimensional structures, higher demand on the specifications of the  substrates, 
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the requirement to achieve high yields, and requirements for heterogeneous integra-
tion. The main technology challenges for equipment are as follows: 

  Lithography : EUV lithography is on its way for industrial application at the 32-nm 
node. To fulfill the industrial requirements and to be competitive with the EUV 
tool, improvements in wafer throughput, lifetime of components, and source power 
are necessary, all aiming at a reduction of the cost of ownership. Also in the area of 
EUV mask production, especially with respect to contamination control, further 
efforts are necessary. As a major advantage of EUV lithography at the 32-nm node, 
with respect to competing technologies, extendability to the 22-nm node and 
beyond was always claimed. At the same time, immersion lithography is still an 
option for 32-nm lithography, especially with new high-index immersion fluids and 
lens material in combination with double patterning methods. Maskless e-beam 
lithography is already used today for process development and prototyping, 
although at such low throughput it makes it nonviable for production. It has to be 
shown whether parallel maskless e-beam operation can improve the productivity 
sufficiently. New patterning methods, not based on imaging in a photosensitive 
resist, are visible. Nanoimprint is the most prominent example. Their benefit in IC 
production still has to be proven; application in the MtM area is more likely. 

  Wafer Processing Equipment : To meet the future challenges of semiconductor manu-
facturing, the wafer processing equipment must meet two parallel major requirements: 
manufacturability and introduction of new processes, combined with new materials, 
not only to meet More Moore technology requirements, but also especially requirements 
regarding More than Moore technologies. Examples of further research effort are use 
of novel wafer etching, cleaning and deposition techniques, use of novel chemistries 
and materials, minimized process-induced wafer/device damage, lower thermal budg-
ets, innovative chamber in-situ cleaning processes, improved step coverage, and fill 
properties for high-aspect ratio structures, improved planarization techniques for 
dielectric and metal structures, and interface engineering. 

  MtM Equipment : MtM requires that equipment enable heterogeneous integration 
and heterogeneous assembly. Packaging can be difficult enough when the package 
contains the entire system integrated onto a single silicon die – the so-called 
System-on-Chip (SoC) approach. It becomes even more difficult when multiple 
dies with nondigital components are integrated into a single package to incorporate 
functions that are technically difficult or commercially inconvenient to incorporate 
into a SoC. For nanoelectronics development, materials play an essential role. To 
some extent, the success of nanoelectronics depends on the profound understanding 
of the properties and behavior of materials and their interfaces under manufactur-
ing, qualification testing, and use conditions, and the capability to tailor the material 
design for the requirements of specific applications. This issue is already acute in 
the design of microelectronics. It is even more so for nanoelectronics and MtM 
technologies, wherein both multiscale size effect and multimaterial compatibility, 
stability, and reliability will be the keys to success. Among many challenges, char-
acterization and modeling of materials and their interface behavior need more 
attention, especially for multiscale, multiphysics, and time-dependent situations.  
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  23.3.6 Design 

 Moving to nanoelectronics technologies enables a tremendous increase in the func-
tionality of electronics systems and in the applications of SoC and SiP products. The 
price to pay is that design efficiency hardly follows this increase of complexity and 
functionalities. The demanding solutions must be capable of capturing formal design 
specifications provided by System Houses, allowing high-level system and architecture 
exploration within the underlying constraints of available implementation technologies. 
All aspects of product development must be embraced, including digital, analogue/
mixed signal, power electronics, and embedded software in conjunction with none-
lectrical components such as MEMS and NEMS. This will require expertise drawn 
from the many different disciplines involved in product design (System Level Design, 
HW and SW codesign, circuit design, packaging design, assembly design, verification, 
and physical implementation with constraints for test, reliability, and manufacturability). 
Several challenges should be solved with respect to design. 

  Design of Heterogeneous Systems : The complex and heterogeneous systems assem-
blies will increasingly be interconnected three-dimensionally (wafer level packaging), 
and controlled by an ever-increasing amount of software. The design of these 
heterogeneous systems will require new methods and approaches to compose het-
erogeneous subsystems. Interfaces linking digital/analogue, hardware/software, 
electrical/mechanical, etc. need to be handled at different abstraction levels. 
Another important issue is the design platform and reuse technology. It is economically 
not sustainable without developing a design platform and reuse technology to 
account for the needs of more product characteristics. 

  Design for Manufacturability  is aimed to accelerate process ramp-up, and to 
enhance process yield, robustness, and reliability. To be able to do so, effort is 
needed to develop and enable random and systematic yield loss estimations from 
design through yield models and process-aware design flows, enabling yield opti-
mization early in the design flow and reducing costly iterations. 

  Design for Reliability  is aimed to predict, optimize, and design upfront the 
reliability of products and processes. Achieving this aim will require a broad 
scope of research activities including basic understanding of material behavior, 
degradation and failure mechanisms under multiloading conditions, accelerated 
reliability qualification tests, and advanced failure analysis, in combination 
with various accurate multiphysical and multiscale simulation models being 
able to predict the failure evolution. Other issues are increasing occurrence of 
soft errors, variability, and soft failure mechanisms beyond 90-nm technology, 
which demand research into self-repairing circuits and self-modifying 
architectures. 

 Embedded systems will have more impact on the success of nanoelectronics. 
Superior hardware technology alone cannot guarantee business success. It is well 
known that huge effort is made to lower dielectric constant  k  in the back-end stacks 
of ICs from 2.3 to 2.0, which is a 15% improvement, but this effort so far leads to 
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serious yield issues while better software optimization can improve power efficiency 
and performance by factors between 2 and 10  [5] . It becomes obvious that simulta-
neous changes are needed in process technology, materials, device architectures, 
and design technologies coping with the need to create software-dominated plat-
forms for future application domains. 

 It is worth emphasizing that the functionality and market appeal of integrated 
MM and MtM products are strongly dependent on the contributions of the software 
that is embedded in it. There is a strong trend for more and more software with 
greater functional diversity and architectural complexity. Taking the automotive 
industry as an example, it is estimated that 70% of future innovations will be soft-
ware-related and most other sectors are moving in a similar direction. The growing 
need for embedded software is fuelled by a need for additional and heterogeneous 
functionality, real-time performance, distribution across subsystems, reuse for mul-
tiple systems or in a platform, and long life-time reliability needs. As system ability 
is becoming one of the key success criteria for future technology development, 
there is urgent need to integrate nanoelectronics technology with embedded sys-
tems and system level design. Another trigger for hardware and software codesign 
is due to the fact that the dramatically increased number of design tasks and their 
complexity are already leading to a phenomenon known as the “design gaps” – the 
difference between what should theoretically be integrated into systems and what 
can practically be designed into them and what should be manufactured vs. what 
has been designed.   

  23.4 Economy  

 Although the semiconductor industry has an instrumental impact for human life, 
society, and the world economy, unlike other industrial sectors, it is hard to predict 
the marketing trend due to characteristic fluctuations. Tables  23.1  and  23.2  show 
key semiconductor application market drivers  [8] .      

 It can be seen that the general picture of the semiconductor industry is very 
bright. While the need for ICs will still be sustainable, a very positive development 
trend in recent years is the MEMS business. The worldwide MEMS systems market 
reached $48 billon in 2005, and is expected to rise to $72 billon by 2008, and $95 
billon by 2010, for a compound annual growth rate (CAGR) of about 15% over the 
5-year period  [9] . With the commonly recognized vision and more effort to develop 
MtM technologies and products, the semiconductor market span will be further 
broadened, so that more sustainable and stable business growth can be expected for 
years to come. Some observations on the recent semiconductor economy are as 
follows:

  •  Ninety nanometer wafer volumes experienced a rapid ramp-up in 2006, but there 
is also now the initial ramp-up of 65-nm technology. It is likely that the lifetime 
of 90-nm technology for digital designs will be short.  
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 •  Expenditures for process technology development have declined from 35.6% of 
total R&D in 1996 to 19.6% in 2010. Product development R&D, on the other 
hand, has increased from 55.4 to 73.7% of total R&D in the same time frame. It 
is critical for the semiconductor industry to continue reducing feature dimen-
sions and become more efficient in using financial resources, which requires 
new business models for process R&D.  

 •  The cost of developing and ramping up process technology will increase from 
$278 million for 0.18-µm technologies to $1,592 million for 32 nm.  

 •  The revenues of IC vendors for supporting 32-nm technology will be $19.9 bil-
lion if process R&D expenditures are 20% of total R&D expenditures and total 
R&D represents 20% of product revenues.     

  Table 23.1    Worldwide annual semiconductor volumes by application    
 System volume (million units)  CAGR 
 Application  2005  2010  2005–2010 

 Automotive  63.0  76.2  3.9% 
 Biometrics  35.0  1,150.0  101.1% 
 Bluetooth  345.0  1,500.0  34.2% 
 DAB radio  2.4  62.5  91.6% 
 Hard disk drives (HDD)  385.0  891.0  18.3% 
 Digital camcorders  16.6  44.0  21.5% 
 Digital still cameras  78.9  84.0  1.3% 
 DVD players  93.2  65.0  −7.0% 
 DVD recorders  23.8  109.4  35.7% 
 Global positioning (GPS)  50.8  284.0  41.1% 
 Graphics  380.5  472.8  4.4% 
 Integrated flat-panel TVs  19.6  131.0  46.2% 
 Memory cards  294.5  945.0  26.3% 
 Mobile phones  805.0  1,536.0  13.8% 
 Near field communications  0.0  490.0 
 PC and servers  207.9  355.0  11.3% 
 PDA/handheld computers  15.1  23.5  9.2% 
 RF-ID tags (shop label)  900.0  65,000.0  135.4% 
 RF-ID tags (nonshop label)  490.0  1,000.0  15.3% 
 Robotics  1.4  51.5  107.0% 
 Smartcards  3,020.0  4,100.0  6.3% 
 TV set-top boxes  56.8  143.0  20.3% 
 UltraWideBand (UWB)  0.5  190.0  228.1% 
 USB flash disks  93.3  410.0  34.5% 
 Video game consoles  53.1  64.6  4.0% 
 Wi-Fi  129.0  528.0  32.6% 
 WiMAX  0.8  150.0  188.5% 
 Zigbee  3  750.0  201.7% 
 FH sub total million units  7,564  80,607  60.5% 
 Without shop label RF-ID  6,664  15,607  18.6% 
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  23.5 Conclusions  

 In the past several decades, microelectronic industries have been spending tremen-
dous effort in developing and commercializing the Moore’s law, leading to not only 
many breakthroughs and revolution in ICT, but also noticeable changes in the way 
of living of human being. While this trend will still be valid, reflected in the Eniac 
 [1]  technology domains of More Moore and Beyond Moore, there are ever-increasing 
awareness, R&D effort, and business drivers to push the development and application 
of MtM that are based upon or derived from silicon technologies but do not simply 
scale with Moore’s law, enabling various nondigital functionalities. The future business 

 Table 23.2    Worldwide total annual semiconductor market revenues by application  
 Revenue (US$ billion)  CAGR 
 Application  2005  2010  2005–2010 

 Automotive  16.7  39.6  18.8% 
 Biometrics  0.2  3.3  77.0% 
 Bluetooth  1.2  3.6  24.6% 
 DAB radio  0.1  1.3  79.4% 
 Hard disk drives (HDD)  3.4  5.6  10.5% 
 Digital camcorders  1.5  2.5  10.3% 
 Digital still cameras  2.6  1.9  −6.4% 
 DVD players  1.4  0.7  −13.4% 
 DVD recorders  1.1  2.5  18.7% 
 Global positioning (GPS)  1.5  3.5  18.1% 
 Graphics  6.8  8.3  4.1% 
 Integrated flat-panel TVs  2.1  8.0  30.7% 
 Memory cards  7.1  20.2  23.3% 
 Mobile phones  36.3  71.3  14.5% 
 Near field communications  0.0  1.0 
 PC and servers  56.8  91.3  10.0% 
 PDA/handheld computers  2.2  3.3  8.8% 
 RF-ID tags (shop label)  0.1  1.0  52.8% 
 RF-ID tags (nonshop label)  1.0  1.0  0.40% 
 Robotics  1.3  14.6  62.2% 
 Smartcards  2.4  3.8  9.3% 
 TV set-top boxes  3.8  8.1  16.4% 
 UltraWideBand (UWB)  0.0  1.2  199.3% 
 USB flash disks  2.6  8.0  25.6% 
 Video game consoles  4.7  7.4  9.5% 
 Wi-Fi  1.0  4.5  35.1% 
 WiMAX  0.1  2.3  101.1% 
 Zigbee  0.0  1.0  151.2% 
 FH sub total  158.0  320.8  15.20% 
 Others  34.8  51.8  8.3% 
 WW IC TAM US$ billion  192.8  372.6  14.1% 
 Market coverage  81.9%  86.1% 
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opportunities and technology challenges will be the integration of Moore’s law 
focusing mainly on digital functions with MtM focusing on mainly nondigital func-
tions via heterogeneous system integration (Fig.  23.1 ). This development trend 
results in the following challenges  [7] :  

  High Level of Heterogeneity : Future micro/nanoelectronics will be made of very 
different materials, which have to coexist despite their different behaviors (thermal 
expansion, biochemical interactions). These building blocks will be prepared using 
various process nodes exposed to a broad range of environmental constraints. 
Scenarios of use are also leading to heterogeneous requirements for the communi-
cation links that will build on various wireless standards. Ultimately, the radio 
components of SiPs themselves will have to optimize in real time to the best air 
interface for the targeted application requirements. 

  Complexity : Most of these systems are designed and built to embed intelligence and 
to enable products with the ability to react to their environment and to provide rele-
vant and ergonomic information to their users. The amount of multimodal data to 
be processed by the system is very large. The user interfaces have to cope with 
complex and variable environments while taking into account the context of use 
and rapidly changing user behaviors. 

  Autonomous Solutions : Most of the basic functions embedded in the systems have 
to be designed according to strong power requirements exploiting the most relevant 

  Fig. 23.1    More Moore (MM) and More than Moore (MtM) integration       
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energy sources. In many applications, energy resources are often the main bottleneck 
preventing larger market penetration of autonomous devices in both industrial and 
consumer products. 

  Multi-scale : Multiscale nature (in both geometric and time domains) will have a 
very strong impact on the whole value chain of product creation process, from 
technology development to industrialization. Various constituting elements of SiP 
cover a very large-scale difference of geometric features, ranging from nanometers 
to millimeters. Moving from  micro  to  nano  and from nano to multiscale will come 
with a paradigm shift. Indeed, as can be illustrated by the evolution of inertial sensor 
generations, each step of miniaturization may require a change of design, technology, 
and even a change of detection principle. 

  Multidisciplinary : Micro/nanoelectronics innovation requires a large body of 
know-how. Taking a biosensor SiP as an example, it needs not only knowledge of 
electronic engineering, but also chemistry and bioengineering. Chemistry, thermal, 
metallurgy, physics, electrical, mechanics, optics, electromagnetics, and biology 
may all be involved in future product creation, which will require both hardware 
and software engineering. 

  Stochastic in Nature : For micro/nanoelectronics, it is virtually impossible to design 
and manufacture products and to process them with deterministic performance. For 
design parameters, such as material/interface properties, geometric dimensions, 
process window, and loading intensities, the deviations represented by different 
statistic characteristics and magnitudes are inevitable. With the IC technology moving 
fast to the Beyond CMOS domain, control of multivariability at different scales 
becomes vital, especially if the performance at an atomistic level has to be linked 
with micro or macrolevel requirements. 

 Notice that all these characteristics are interacted intrinsically and nonlinearly 
with each other, wherein there exists a big gap between technological development 
and the underlying fundamental understanding. Integrated approaches are needed to 
find the optimal solutions, which will shape the technological environment in the 
coming two decades, and demand new research fields for the scientific community.      
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  Mean free paths, 140  
  Mechanical interlocking, 77, 79, 80, 85, 87, 

88, 224  
  Melting point depression, 2, 96–98, 252, 448  
  Metal-induced gap state, 359  
  Metallic-insulator transition, 95  
  Methylmethacrylate (MMA), 482  
  Micro-channels, 5, 382, 385  
  MicrospringTM, 467, 468  
  Microstructure, 126, 139, 146, 147, 181, 217, 

252, 256, 257, 419–422, 432  
  Mie, G., 103  
  Mitigation, 20  
  MMA.  See  Methylmethacrylate  
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  Moisture  
  absorption, 30, 69, 512  
  loading, 69  

  Molecular dynamics (MD), 2, 17, 27, 28, 34, 35, 
39, 43, 50, 52, 61, 77–79, 84, 86, 87, 99  

  Molecular wires, 200, 201, 442  
  Monopole antenna, 406, 407  
  Monte Carlo, 19, 41  
  Mooney-Rivlin, 24  
  Moore’s Law, 7, 163, 491, 493–495, 506, 525, 

526, 533, 534  
  MS.  See  Metal-induced gap state  
  Multi-physics, 15, 17, 20, 33, 35  
  Multi-scale, 15, 20, 27, 535  

N
  Nanocrystalline, 6, 175, 180  
  Nanocomposite, 99, 127–132, 134, 135, 178, 

183, 205, 222, 358, 416, 423–425, 
429, 512  

  Nano-diamond, 6  
  Nano-electrode, 6, 7, 204, 453  
  Nanoelectronics, 6, 7, 85, 450, 517, 518, 

520–524, 529–531, 534, 535  
  Nanograins, 2, 181, 182  
  Nano-imprinting, 6  
  Nano-indentation, 448  
  Nano-interconnect, 6–7, 511  
  Nanolawn, 442, 444, 447, 451, 453  
  Nanowires, 96, 192, 204, 205, 212, 217, 441, 

443–453, 511  
  Native oxide, 3, 177, 182  
  Navier-Stokes, 26, 381, 382  
  NCA.  See  Non-conductive adhesive  
  Near-field, 396, 402–410, 445, 452  
  Negative differential resistance, 362, 367  
  Negative magnetic permeability, 452  
  Negative TCR, 142  
  Neuroprosthetic, 454  
  Ni-Zn, 172  
  No-flow, 476, 477  
  No-flow underfill, 30, 287, 288, 290  
  Noise, 163, 178, 210, 402, 409, 465, 503  
  Non-conductive adhesive, 4  
  No-Pb, 4, 98  
  N-type CNT, 363, 366  
  Nucleation, 93, 112, 115, 118, 251, 326, 334, 

431, 436  

O
  Oblate spheroids, 103  
  Oblate absorption, 102  

  Oblate interconnect, 6, 103, 505, 528  
  Oblate transceiver, 395, 396, 402, 404–407  
  Organic monolayers, 200  
  Ostwald ripening, 98, 451  
  Oxidation, 42, 54, 84, 109, 118, 172, 180, 182, 

205, 218, 267, 271, 289  

P
  Package-on-package (PoP), 513, 514, 527  
  Particle shape, 3, 94, 103, 289, 379  
  Passive components, 3, 121, 163, 529  
  PDF.  See  Probability distribution function  
  PECVD.  See  Plasma enhanced chemical 

vapor deposition  
  PEEK.  See  Poly ether ether ketone  
  Percolation, 94, 99, 125–128, 135, 140, 

142, 143, 151, 180, 181, 189, 193, 
194, 196, 213, 217–220, 396, 411, 
425, 444  

  Permalloy, 167, 177, 178, 181, 182  
  Permeability, 164, 166–168, 172, 173, 

175–178, 180–183, 452  
  Personal health, 517  
  PGA.  See  Pin grid array  
  Photolithography, 164, 168, 174, 385, 386, 

390, 445, 468–471, 485, 498, 499  
  Physical adsorption, 224  
  Physical bonding, 224  
  Physical interactions, 80, 85  
  Piezodroplet, 248  
  Piezoelectric, 248  
  Pin grid array (PGA), 492, 493, 499, 500  
  Plasma enhanced chemical vapor deposition 

(PECVD), 80, 174, 325, 390  
  Plated through hole (PTH), 210, 211, 497  
  PMMA.  See  Polymethylmethacrylate  
  Polarization, 99, 102, 122–124, 130, 

176, 240  
  Polyether ether ketone (PEEK), 423  
  Polyimide, 172, 175, 195, 205, 214, 

257, 444  
  Polymer solder, 189  
  Polymethylmethacrylate, 482  
  Polyurethane, 214  
  Polyvinyl acetate (PVAc), 192  
  Polyvinyl pyrrolidone (PVP), 115, 216   
  Polyvinylidene fluoride (PVdF), 126, 194  
  PoP.  See  Package-on-package  
  Potential function, 17, 52, 56, 77, 78, 

86, 88  
  Printable electronics, 256, 258  
  Probability distribution function (PDF), 

18, 19  
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  Prolate spheroids, 103  
  Prony-Series, 301, 303, 305  
  Pseudo-inductive, 144  
  PTH.  See  Plated through hole  
  P-type CNT, 363, 366  
  Public security, 517  
  Pull test, 266, 279, 284  
  PVAc.  See  Polyvinyl acetate  
  PVdF.  See  Polyvinylidene fluoride  
  PVP.  See  Polyvinyl pyrrolidone  

Q
  Q-factor.  See  Quality factor  
  Quality factor, 163–170, 172, 173, 175, 

178, 183  
  Quantum resistance, 368  
  Quantum wires, 346, 441  

R
  Rayleigh, L., 103  
  Rayleigh instability, 448  
  Rectification, 361, 364, 365  
  Reflow, 25, 28, 219, 226, 229, 232, 233, 

266–279, 284, 287, 418, 419, 424, 452, 
495, 496  

  Relaxation, 123, 300, 301, 305–307, 313, 314, 
322, 469, 471  

  Reliability, 15, 18–20, 29, 30, 32, 35, 41, 42, 
46, 55, 61, 69, 74, 121, 164, 183, 202, 
204, 209, 210, 212, 213, 224–226, 231, 
258, 259, 265, 287, 288, 291, 316–317, 
322, 357, 372, 382, 415, 442, 443, 445, 
448, 450, 454, 465, 466, 468, 475, 478, 
486, 499–501, 506, 520–523, 527, 
529–531  

  Restriction of Hazardous Substances 
(RoHS), 113  

  Reynolds number, 381, 382  
  Roadmap, 6, 7, 465, 491, 495  
  RoHS.  See  Restriction of Hazardous 

Substances  
  Rule of mixtures, 512  

S
  SAC.  See  Sn-Ag-Cu  
  SAM.  See  Self assembled molecular  
  Saturation magnetization, 164, 172, 

179–183  
  Scanning tunneling microscopy (STM), 

157, 345  
  Schottky barrier, 358, 360, 361, 364, 366–368  

  Schottky junction, 361  
  Sea of leads (SOL), 468  
  Second level interconnect, 495, 513  
  Sedimentation, 197, 198, 241, 245, 258, 260  
  SEL.  See  Step-edge lithography  
  Self assembled molecular (SAM), 200–202  
  Self resonant frequency, 171  
  Shear strength, 192, 196, 217, 433  
  Shielding, 6, 395–398, 401–411, 445, 452, 454  
  SiC.  See  Silicon carbide  
  Signal integrity, 372, 494, 504  
  Silane, 4, 216, 225, 290  
  Silicon carbide, 382, 418  
  Silicone, 214  
  Siloxane, 203  
  Single molecule, 356, 357  
  Sintering, 2, 4, 98–99, 118, 119, 125, 

197–200, 202, 212, 213, 215, 217, 
220–222, 233, 243, 244, 250–254, 258, 
417, 420, 422, 430, 432, 438  

  SiOC(H), 80, 82  
  SiP.  See  System-in-package  
  Sn-Ag, 4, 28, 35, 98  
  Sn-Ag-Cu, 265, 416, 417, 421–432, 436–439  
  Sn-Pb, 98, 265, 416, 417, 419, 420, 

422–439, 495  
  SOC.  See  System-on-chip  
  SOL.  See  Sea of leads  
  Space charge, 102, 159, 328  
  Sputter, 21, 145, 470, 484  
  Sputter deposition, 144, 151, 168, 181, 

470, 482  
  Sputtering, 21–23, 140, 145, 151, 164, 168, 

174, 182, 337, 338, 469, 470  
  Squeegee, 26  
  Stacked-die, 513  
  Stencil, 26, 27  
  Step-edge lithography (SEL), 445  
  Stiffness, 54, 74, 80, 176, 515  
  STM.  See  Scanning tunneling microscopy  
  Stress gradient, 469–472, 482, 484, 485  
  Superparamagnetism, 180  
  Surface energy, 3, 41, 79, 94, 96, 202, 216, 

256, 426, 429  
  Surface plasma resonance, 116  
  Surface plasmonic effect, 109  
  Surface roughness, 80, 170, 504, 514  
  Surface tension, 24, 48, 94, 243, 247, 250, 

256, 382, 426  
  Surface/volume ratio, 93  
  Surfactant, 117–119, 128, 193, 205, 221, 240, 

254, 416, 450  
  Switching, 102, 121, 143, 249, 346, 365, 367, 

370, 371, 501  
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  System-in-package (SiP), 121, 520, 527  
  System-on-chip, 121, 529  

T
  Tape carrier packages (TCP), 190  
  TCP.  See  Tape carrier packages  
  TEM.  See  Transmission electron microscopy  
  Tensile strength, 5, 196, 224, 225, 233, 354, 

385, 399, 416, 419, 428–429  
  Tessera, 467  
  Tg.  See  Glass transition temperature  
  TGA.  See  Thermogravimetric analysis  
  Thermal composite, 4  
  Thermal conductivity, 5, 39–41, 52–56, 196, 

202, 212, 245, 249, 252, 355, 356, 
377–380, 382, 385, 387, 389, 507–509  

  Thermal cycling, 41–45, 71, 193, 226, 265, 
478–482, 486  

  Thermal resistivity, 385  
  Thermal interface material (TIM), 5, 39, 377, 

378, 382–385, 391, 507  
  Thermionic emission, 193  
  Thermoelectric, 509  
  Thermogravimetric analysis, 382  
  Thermo-mechanical fatigue, 4, 415, 466  
  Thermo-mechanical reliability, 288, 322, 466, 

468, 475, 478, 486  
  Thermoplastic, 49, 214, 219  
  Thermoset, 49, 189, 214  
  TIM.  See  Thermal interface material  
  TLPS.  See  Transient liquid phase sintering  
  Tm.  See  Melting point depression  
  Toughness, 62–64, 69, 71, 74, 212, 497, 

510, 512  
  Traffic control, 517  
  Transient liquid phase sintering (TLPS), 220  
  Transmission electron microscopy (TEM), 

115, 116, 131, 146–153, 157, 159, 196, 
347–349, 372, 397  

  Tunneling barrier, 102, 148, 364, 368  

U
  UBM.  See  Under-bump metallization  
  Uncertainty, 18–20, 35  
  Under-bump metallization (UBM), 33, 34  

  Underfill, 4, 30, 232, 246, 287, 288, 290–292, 
295, 297–302, 307–318, 320–322, 
466–468, 475–478, 480, 497, 500  

  UV curing, 475, 486  

V
  Van der Waals, 40, 41, 44, 46, 49, 52, 80, 85, 

349, 358, 370, 388  
  Vapor phase, 140, 325  
  Vapor-liquid-solid (VLS), 96, 341, 446  
  Via filling, 25, 195, 214, 217  
  Virtual design, 18  
  Viscosity, 4, 26, 27, 30, 197, 222, 239, 241, 

243–247, 249, 258, 260, 290, 381  
  VLS.  See  Vapor-liquid-solid  
  Voids, 4, 51, 52, 83, 127, 197, 212, 214, 216, 

217, 265, 267, 271, 290, 437, 497  
  Volume fraction, 31, 151, 155, 181, 189, 

190, 192, 213, 288, 291–295, 
297–300, 307, 309, 310, 312–315, 
322, 379, 380, 432  

W
  Wafer level chip scale packages (WLCSP), 

416  
  Waste Electrical and Electronic Equipment 

(WEEE), 113  
  WaveTM.  See  Wide area vertical expansion  
  WEEE.  See  Waste Electrical and Electronic 

Equipment  
  Weibull, 282, 317, 319  
  Wide area vertical expansion (WaveTM), 467  
  Wire pull, 74, 75  
  Wiring, 82, 110, 116, 119, 121, 209–211, 228, 

231, 233, 258, 259, 498  
  WLCSP.  See  Wafer level chip scale packages  
  Work function, 96, 102, 200, 359, 361, 

364, 367  

Y
  Yield strength, 99, 397, 416, 427–429, 

434, 439  
  Young’s modulus, 30, 35, 41, 51, 56, 81, 83, 

99, 196, 354, 385, 430    
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