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Preface

Nanotechnology — a rapidly developing modern area of science & technol-
ogy, covered many areas of physics, chemistry, materials science, and biology
over the last decade. The unique properties of materials at the nanometer scale
and the outstanding performance of the nanoscale devices are the main rea-
sons for the immense growth of this field. Nanotechnological findings serve as
the base for enormous developments of electronics and many new branches,
such as spintronics and single-electron devices, new approaches for medical
treatment and diagnostic procedures, the implementation of high-tech sensors
and actuators. Moreover, nanotechnology does not only offer novel prod-
ucts but also initiates new areas, such as photonics and metamaterials. Of
course, in one book, it is practically impossible to present a comprehensive
overview of all areas of nanotechnology. The main goal of the present book
is to show an intrinsic correlation and mutual influence of three important
parts of nanoscience: new phenomena — nanomaterials — nanodevices. For the
discovery of new phenomena, it is necessary to develop novel nanotechno-
logical processes for the fabrication of nanomaterials. The nanostructures and
new phenomena serve as the base for the development of novel nanoelectronic
devices.

According to this concept, we organized the book into 5 parts —

Coherent Effects in Nanostructures

Nanomaterials and Nanoparticles

Nanoelectronics

Nanobiology

Philosophical Aspects of Nanoscience
presenting thoroughly selected articles reported at the International Symposium
“Nanoscale Phenomena — Fundamentals and Applications” (Chisinau, September
19-22, 2007). The symposium brought together leading experts — experimentalists,
theorists, and engineers — working in nanoscience and nanotechnology with the aim
to share their expertise and experience on how the new fundamental ideas and prin-
ciples can be rapidly implemented in the areas mentioned above.
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The symposium was financially supported by the Alexander von Humboldt
Foundation as a “Humboldt Kolleg”, and the editors are grateful for this generous
support.

June 2009 Horst Hahn
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Chapter 1

Extinction and Recovery of Superconductivity
by Interference in Superconductor/Ferromagnet
Bilayers

A.S. Sidorenko, V.I. Zdravkov, J. Kehrle, R. Morari, E. Antropoyv,
G. Obermeier, S. Gsell, M. Schreck, C. Miiller, V.V. Ryazanov, S. Horn,
R. Tidecks, and L.R. Tagirov

Abstract In superconductor—ferromagnet (S/F) metallic contacts, the supercon-
ducting condensate penetrates through the S/F interface into a ferromagnetic layer.
In contrast to the conventional S/N proximity effect, the pairing wave function not
only decays deep into the F metal, but simultaneously oscillates. Interference of
the oscillating pairing function in a ferromagnetic film gives rise to a modulation
of the pairing function flux crossing the S/F interface, which results in oscilla-
tions of superconducting transition temperature of the adjacent S layer. In this
work, we report on the experimental observation of the superconductivity reentrance
phenomenon with double suppression of the superconductivity in Nb/Cuj_,Ni, bi-
layers as a function of the ferromagnetic layer thickness, dcyn;- The superconducting
T, drops sharply with increasing dcyn; till total suppression of superconductivity at
dcuni &~ 2.5 nm. At a further increase of the Nb/Cu;_,Niy layer thickness, the su-
perconductivity restores at dcyni > 24 nm. Then, with the subsequent increase of
dcuni, the superconductivity vanishes again at deyn; & 38 nm.

1.1 Introduction

In superconductor—ferromagnetic metal (S/F) contacts, the superconducting pairing
wave function not only exponentially decays into the F metal, as in the superconduc-
tor/normal metal (S/N) proximity effect [1,2], but simultaneously oscillates [3,4].
A variety of novel physical effects caused by these oscillations was predicted (see
reviews [5—8] and references therein). Some of them have already been observed ex-
perimentally: nonmonotonous behavior of the superconducting critical temperature,
T, as a function of the F metal layer thickness [9-13], Josephson junctions with
intrinsic Y-phase shift across the junction [14], and inverted, cap-sized differential
current—voltage characteristics [15]. In this work, we report on results of observa-
tion of the reentrant 7, phenomenon with double suppression of superconductivity
in Nb/Cu;_xNiy bilayers (x = 0.59) for increasing ferromagnetic Cu;_,Niy layer
thickness, dcyni- After a destruction by interference effects of the superconduct-
ing pairing wave function and a subsequent recovery, a second suppression of

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 3
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_1,
(© Springer-Verlag Berlin Heidelberg 2009
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Fig. 1.1 Origin of the FFLO state. (a) Spin-splitting E¢y of the conduction band of a ferromagnet
by the exchange field. Sketch for k, = 0. (b) Cross-section of the band energy dispersions for
k, = 0 at the Fermi energy. Paired electrons (green with red balls) establish from the majority
(green) and minority (red) subbands (wave number vectors indicated in the respective color). The
FFLO pairing momentum along the x axis is A Qpv = hAAkg = Eex/VE

superconductivity is found, giving an impressive experimental evidence for a quasi-
one dimensional Fulde—Ferrell-Larkin—Ovchinnikov (FFLO) [16, 17] like state in
the ferromagnetic layer.

At a plane S/F interface, the quasi-one-dimensional FFLO-like state can be gen-
erated in the F material [3-8]. Due to the exchange splitting of the conduction
band (Fig. 1.1a), one of the singlet Cooper-pair electrons occupies the majority sub-
band, e.g., spin-up, while the other one resides at the spin-down, minority subband
(Fig. 1.1b). Although the pairing occurs with opposite directions of the wave num-
ber vectors of the electrons, their absolute values are not equal due to the exchange
splitting of the conduction band (see Fig. 1.1a). The resulting pairing state acquires
a finite momentum of AQpy = Eex/VE, Where Eox < EF is the energy of the ex-
change splitting of a free-electron-like, parabolic conduction band, Er is the Fermi
energy, and vg is the Fermi velocity. Then, the pairing function of this state does not
simply decay as it would be in a nonmagnetic metal, but oscillates on a wavelength
scale Apy (i.e., Apm = 2¥/kpm) given by the magnetic coherence length &g. In a
clean ferromagnet ([ >> £gg), it is Apg = 2Wpg = 2YhvE/ Eex [4, 18], whereas in
the dirty case (/r < &pg), we get App = 2Vpp = 2 (ZhDF/Eex)l/2 [3,7], where
Dr = Ipvg/3 with [ the electron mean free path in the F-metal. The decay length
of the pairing wave function is /g and &gp in the clean and dirty cases respectively
[3,4,19].

The oscillation of the pairing wave function in the F-metal is the reason for
an oscillatory S/F proximity effect, yielding a nonmonotonous, oscillating depen-
dence of the superconducting critical temperature, 7, on the ferromagnetic layer
thickness, dr. The phenomenon can be qualitatively described using the analogy
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Fig. 1.2 Interference of the pairing function ® in an S/F bilayer at the S/F interface assuming
the case that /> of the pairing function amplitude is reflected at the boundary, and !/ penetrates
into the F material. Spin-dependent phase-shifts of the penetrating pairing function at the S/F
interface [21-23] as well as phase shifts for the reflected waves are neglected for simplicity. (a)
For dpy ~ Apwm/4 the resulting amplitude is minimal. (b) For dp; ~ Apy/2 the subsequent local
maximum of the amplitude if reached for increasing dg, (¢) Modulation of the superconducting
transition temperature 7 of a thin superconducting film correlated with the interference conditions

q—

Fig. 1.3 The moving target setup utilizing the spray deposition technique

with the interference of light in a parallel-sided plate of glass with a mirror coated
back side, at normal incidence [20]. As the interference conditions change peri-
odically between constructive and destructive upon changing the thickness of the
plate, the flux of light through the interface of incidence is modulated. In a lay-
ered S/F system, the pairing function flux crossing the S/F interface depends on the
ferromagnetic layer thickness, dp, because of the pairing function interference (see
Fig.1.2a, b). As a result, the coupling between the S and F layers in a series of
samples with increasing dr is modulated, and the superconducting 7. oscillates as
a function of dr (Fig. 1.2¢). The amplitude of T, oscillation depends sensitively on
the superconducting layer thickness (see discussion of Fig. 1.3a, b).
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Recently, expressed oscillations and pronounced reentrance, i.e., an extinc-
tion and recovery of superconductivity as a function of dr, were measured in a
Nb/Cuj_4Niy bilayer [13]. However, the most spectacular evidence for the oscilla-
tory proximity effect would be the observation of the multiple reentrant behavior of
the superconducting state predicted theoretically [19,24,25]. To realize this regime
experimentally, one has to study at first the T (ds) dependence for a series of S/F
bilayers with constant dr to find the range of the superconducting layer thickness,
ds, in which superconductivity is most sensitive to the destructive influence of the
ferromagnetism.

1.2 Sample Preparation and Characterization

To fabricate the S/F bilayers, we used niobium as superconducting material and
Cuj_xNiy (x &~ 0.59) alloy as ferromagnetic layer. The choice of the alloy instead
of a conventional elemental ferromagnet has the following advantages for the exper-
imentalist. The oscillation length Apg = 2¥hvg/ Ee in strong clean ferromagnets,
like iron, nickel, or cobalt, is extremely short, because the exchange splitting en-
ergy, Ee, is usually in the range 0.1-1.0eV [9, 10, 12, 26]. Thus, to detect an
oscillatory behavior of T, experimentally, dg must be very small, e.g., between 0.6
and 2.5 nm for pure Ni [26]. Weak ferromagnets with an order of magnitude smaller
exchange splitting of the conduction band allow the observation of the effect at much
larger thicknesses dp of about 2-25 nm, which can be controlled and characterized
more easily. Moreover, for a long-wavelength oscillation, the atomic-scale inter-
face roughness does not any longer have a dominating effect on an extinction of 7,
oscillations.

The S/F samples were prepared by magnetron sputtering on commercial (111)
silicon substrates at room temperature. Three targets, Si, Nb, and Cus¢Nigo (75 mm
in diameter), were presputtered for 10—15 min to remove contaminations and reduce
the residual gas pressure (by Nb as getter material) in the chamber. First, a silicon
buffer layer was deposited using a RF magnetron to generate a clean interface for
the subsequently deposited Cuj—,Ni, or niobium layer.

To prepare samples with variable thickness of one of the layers, a wedge-shaped
film was deposited [13,26]: the 80 mm long and 7 mm wide silicon substrate was
mounted at a distance of 4.5 cm from the target symmetry axis to utilize the intrinsic
spatial gradient of the deposition rate. The CuyoNigo target was RF sputtered with a
rate 3-4nmsec™!.

To obtain flat, high-quality Nb layers with thicknesses in the range of 5-15nm,
we moved the full-power operating magnetron along the silicone substrate using the
motorized setup (see Fig. 1.3). Thus, the surface was uniformly sprayed with the
material, and the average deposition rate of the Nb film could be decreased down
to 1.3 nmsec™ !, while for a fixed, nonmoving target, it would be about 4 nm sec” L,
To prevent degradation in an ambient atmosphere, the resulting Cuj_xNiy /Nb or
Nb/Cuj_Niy bilayers were coated by an amorphous silicon cap of about 10 nm
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Fig. 1.4 Sample design and characterization. (a) RBS results for the thickness of the Nb and CuNi
layers and Ni content in the CuNi alloy. Sketch of the layers stack, see the inset. Black rectangular
symbols for CuNi alloy layer are measured points, orange symbols were linearly interpolated. (b)
Transmission electron microscopy (TEM) cross-sectional image of a cut across the layers (sample
S22-18 marked by a red circle in the left panel: dx, ~ 7.8 nm, deyni ~ 14. nm according to RBS)

thickness, which is insulating at low temperatures. After cutting the wedge samples
into strips across the thickness gradient (see the inset in Fig. 1.4a), aluminum wires
50 pwm in diameter were attached to the strips by an ultrasonic bonder for four-probe
resistance measurements. For further sample preparation details, see [13,26].

In the first kind of samples, the superconducting Nb layer was of variable
thickness, dnp &~ 4—47 nm, prepared utilizing the wedge deposition technique de-
scribed earlier. The Cu;—,Niy layer was flat with a thickness fixed at a physically
infinite value of dcyn; = 56 nm [13].

In the second kind of samples, the superconducting Nb layer was flat with a
thickness fixed at a selected value in the range 6-15 nm. The deposition technique
with moving magnetron described earlier provided high-quality niobium layers with
superconducting T of the stand-alone film as high as 5.5 K at dxp, &~ 5.7 nm only.
The ferromagnetic layer was wedge-shaped. A sketch of the layers stack is presented
in the inset of Fig. 1.4a, and a transmission electron microscopy image of one of
the samples is given in Fig. 1.4b. After cutting the final stack into strips across the
Cu—xNi, wedge gradient, a series of 36—40 samples were obtained with variable
Cuj_Niy layer thicknesses in the range dcyni &~ 1-35nm, prepared at identical
conditions in a single deposition run.

Rutherford backscattering spectrometry (RBS) has been used to evaluate the
thickness of Nb and Cu;_,Niy layers as well as to check the composition of Cu
and Ni in the deposited alloy layers (Fig. 1.4a). For details, see [13]. An advantage
of RBS is that it is an absolute method that does not require standards for quantifi-
cation. It allows to determine the thickness (via the areal density) of the layers with
an accuracy of £3% for Cu;_,Ni, on the thick side of the Cu;_,Ni, wedge, and
+5% for Nb and Cu;_,Ni, on the thin side of the wedge. The Ni concentration
in the Cuj—_,Niy layer appeared to be almost constant (x &~ 0.59), showing a slight
increase toward the thick side of the wedge. The thickness of the Nb layer is nearly
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constant along the uncut sample, dy, ~ 7.8 nm. Several samples were studied by
TEM, a representative example is given in Fig. 1.4b.

The resistance measurements were performed by the DC four-probe method us-
ing a 10 LA sensing current in the temperature range 0.4—-10 K when measuring
with an Oxford Instruments “Heliox” >He cryostat, and a 2 |LA sensing current in
the range 40 mK-1.0 K when measuring in an Oxford Instruments dilution refriger-
ator “Kelvinox”.

1.3 Results of Superconducting 7 Measurements
and Discussion

The superconducting critical temperature, 7,, was determined from the midpoints
of resistive transitions curves R (T"). The width of transition (0.1 Ry—0.9Ry criteria,
where Ry is the normal state resistance just above T;) for most of the investigated
samples was below 0.2 K, thus allowing to determine the 7, with a good accuracy.
Figure 1.5a demonstrates the dependence of the superconducting transition tem-
perature on the Nb layer thickness, T¢ (dny). It yields a critical thickness (dy, =~
5.8nm) of the Nb layer down to which superconductivity survives in a metallic

a b
T T T T T T T T T T T T
B B
74| Te(db) 73| ® 523 d,=14.1 nm| —
W o < - - 61\ Naseses se a9 S
g [ ¥ WND, dgy; <56 nm i W 1
NI \ | Sl e o Tem] T,
= 3 ‘ ® WNc, dCuNi ~25 nm\ [ 3 ; ’ c uNi
5] ] o - >0 M" Lo a
\ Calculation, dg,; =] M
1 - E 13- ] S21,dNb= 6.2 NM [ b 3
01 03 H i H H ]

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
dy, (NM) deyni (M)

Fig. 1.5 Superconducting 7. as a function of the layer thickness. (a) Dependence of the super-
conducting transition temperature on the niobium layer thickness. Transition widths are within the
point size if error bars not visible. The solid line is the result of calculations according to the theory
[13,26] for dcyni &~ 56 nm, the superconducting coherence length & = 11.0 nm, the ratio of the
Sharvin conductances Npvg/Ngvs = 0.23, the S/F-interface transparency parameter 7 = 0.65,
lp/ér0 = 1.1, &g = 11.0nm. The calculated critical thickness is dy;, = 5.8 nm (7¢ — 0K).
The range of the Nb layer thickness most sensitive to dcyn; variations is shaded in red. (b) Non
monotonous 7c¢ (dg) dependence for the Nb/Cu;—,Ni, bilayers (x = 0.59). Solid curves are
calculated with values of parameters as follows: (S23) & = 10.0nm, Ngvg/Nsvs = 0.22,
Tp = 0.43, IF/SFO = 1.1, SFO = 10.6nm; (522) Es = 9.8 nm, NFVF/NsVS = 0.22, Tp = 0.55,
l]:/é:]:() = 11, EFO = 10.61’11’11; (SZI) SS = 9.611I1’1, N]:VF/N3VS = 022, TF = 059, IF/SF() = 11,
&0 = 11.0nm. The BCS coherence length for Nb was always taken &gcs = 42nm. The
calculations give no further reentrance of superconductivity for the S21 sample series above
dCuNi > 40 nm
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contact with a bulk ferromagnet. The critical thickness is used to determine a con-
straint on two of the five physical parameters that enter the theory [26]. On the other
hand, the T, (dnp) measurements provide a range of the Nb layer thickness, within
which superconductivity is most sensitive to variations of the magnetic layer thick-
ness (the shaded area indicated in Fig. 1.5a). To observe the reentrant behavior of
superconductivity, one should prepare samples with the Nb layer thickness in this
range of dyp &~ 6-8 nm.

Figure 1.5b demonstrates the dependence of the superconducting transition tem-
perature on the Cugq Nisg layer thickness. The thickness of the flat Nb layer is fixed,
dny ~ 14.1 nm (S23 series), dnp ~ 7.8 nm (S22 series), and dnp, ~ 6.2nm (S21 se-
ries). The transition temperature, T¢, for the specimens with dyp, ~ 14.1 nm reveals
a nonmonotonous behavior with a shallow minimum at about dcyn; ~ 7.0 nm. For
the thinner niobium layer (dnp &~ 7.8 nm), the transition temperature shows a pro-
nounced minimum with subsequent increase of 7; to above 2.5 K. For the thinnest
Nb layer (dcyni & 6.2 nm), the superconducting 7, sharply drops upon increasing
the ferromagnetic CugjNisg layer thickness till a certain thickness dcyni & 2.5 nm.
Then, in the range dcyni &~ 2.5-24 nm, the superconducting transition temperature
vanishes (7 is at least lower than the lowest temperature reached in our cryogenic
setup, 40 mK). With a subsequent increase of the Cu;_,Niy layer thickness, super-
conductivity restores again at dcyni &~ 25.5 nm, reaching a level of about 0.8 K at
dcuni & 30nm, and then drops down again below 40 mK at dcyni ~ 37.5nm.
This phenomenon of a double suppression of superconductivity is the first
experimental evidence for a multiple reentrant behavior of the superconducting
state in S/F layered systems.

The data simulation procedure includes coordinated fitting of the 7¢.(dnp) and
Te(dcuni) dependences as shown in Fig. 1.5a, b respectively. The general fitting
strategy is described in detail in our previous papers [13,26]. The solid curves
in the figures show results of the calculations for the “clean” case with parameters
given in the figure caption. Although we used a common set of parameters at first,
the superconducting coherence length, £, and the magnetic coherence length, &g,
were varied within a 5% range, and the S/F interface transparency parameter, TF,
which generally lies in the range [0, 00), was varied within the range [0.43, 0.65]
to obtain better fits for the individual curves. These degrees of freedom that we
allowed for the physical parameters are well within the scatter, which can be ex-
pected from variations of the deposition conditions from run to run. Calculations
with the physical parameters of the S21 sample series, but fora slightly thicker Nb
layer dnp & 6.3-6.4 nm, show that the next island of superconductivity is possible
in the range dcyni &~ 53-70 nm with maximal 7, of about 0.3 K. We will search for
the second reentrance of superconductivity in our further studies.

1.4 Conclusions

To conclude, we report on the experimental observation of the reentrant behavior
of superconductivity and a unique double suppression of superconductivity in S/F
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bilayers. As S material, Nb with constant layer thickness (6.2 nm) was used, and
as F material Cu;_,Niy alloy (x & 0.59) with variable layer thickness. The exper-
imental realization of the reentrant superconductivity phenomenon is an essential
progress toward the fabrication of a F1/S/F, superconducting spin switch [27-30]
for superconducting spintronics.
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Chapter 2
Aharonov-Bohm Oscillations in Small Diameter
Bi Nanowires

L. Konopko

Abstract The Aharonov-Bohm effect (AB) exists in cylindrical wires as the
magnetoresistance (MR) oscillations with a period AB that is proportional to
Dy /S, where &9 = h/e is the flux quantum and S is the wire cross section. The
AB-type longitudinal MR oscillations with period AB = ®(/S caused by elec-
trons undergoing continuous grazing incidence at the wire wall have been observed
previously at 4.2 K in single bismuth nanowires with a diameter 0.2 < d < 0.8 pum
grown by the Ulitovsky technique. We present here our results of the observa-
tion of AB oscillations with period AB = h/e and AB = h/2e on single Bi
nanowires with a diameter d = 45-73 nm. The single nanowire samples were pre-
pared by improved Ulitovsky technique and represented cylindrical single crystals
with (1011) orientation along the wire axis. Due to very low effective masses of
electrons and holes, electronic quantum confinement effects induce a semimetal-to-
semiconductor transformation (SMSC) for wires with diameters below 50 nm. Our
estimation of thermal energy gap from R(T) dependence for 50 nm Bi wire gives
the value of 14 meV. The surface of Bi nanowire supports surface states, with carrier
densities of around 5 x 10'2 cm™2 with strong spin-orbit interactions. From B ~ 8 T
down to B = 0, the extremums of h/2e oscillations are shifted up to 3y at B = 0,
which is the manifestation of Berry phase shift. We connect the existence of 1/2e
oscillations with weak localizations on surface states of Bi nanowires according to
the Altshuller—Aronov—Spivak theory.

2.1 Introduction

Nanowire systems have been investigated for many decades. At present, they have
become the focus of intense experimental and theoretical investigation due to their
scientific and technologic interest. The most exciting opportunity is that of an ideal
quantum wire of a diameter d that is less than the Fermi wavelength and with
the Fermi level chosen such that the nanowire transport is controlled by a single
conduction channel. The properties of this one-dimensional system or quantum wire
have been investigated theoretically, and the case of Bi nanowires was studied by
Hicks and Dresselhaus [1].

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 13
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_2,
(© Springer-Verlag Berlin Heidelberg 2009
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Bismuth is a particularly favorable material to study the electronic properties of
quantum wires due to its small electron effective mass and high carrier mobility [2].
De Haas—van Alphen and Shubnikov—de Haas (SdH) effects [3] provide an unam-
biguous measure of the charge density and the anisotropy of the Fermi surface (FS)
of bulk crystalline Bi [4], which consists of three electron pockets at the L point
and a T'-point hole pocket. SdH oscillations also have been studied in single-crystal
films of Bi [5]. The effective band overlap energy, E¢, and the Fermi energy, EF,
are 37 and 26 meV respectively, levels which result in small electron and hole den-
sities (n; = p; = 3 x 107 cm™3 at a temperature of 4 K). Quantum confinement
effects, which decrease Ey, become relevant to quantum wires with a diameter
d ~ 2h/\/2m* Eqy, where m* is the corresponding electron in-plane effective mass
transverse to the wire axis. For wires oriented along C3 (the trigonal direction),
m™* = 0.0023 and the relevant diameter is 42 nm. Detailed calculations [2] show
that a semimetal-to-semiconductor (SMSC) transition occurs for d. ~ 55nm for
wires oriented along the trigonal direction. Various experimental results support
this theory.

It is well known that quantum interference effects are present in superconduct-
ing devices and in very small pure metallic rings and cylinders. In particular, in
the presence of magnetic flux Aharonov—Bohm (AB) oscillations [6] may occur in
doubly connected systems [7-9]. For a normal metal, the period of these oscilla-
tions is @9 = h/e (the flux quantum). Such effects should vanish once the elastic
mean free path of the electrons is smaller than the size of the system. There are two
types of quantum interference effects in normal conductors of long carrier’s mean
free path that cause a magnetoresistance (MR) oscillation with a period A B that is
proportional to ®y/S, where S is the wire cross section. The first effect is a Dingle
oscillation that results from the quantization of the electron energy spectrum. The
second type of oscillation, with a period AB = @/, is caused by electrons under-
going continuous grazing incidence at the wire walls. These are termed “whispering
gallery” modes analogous to the acoustical phenomenon. This type of longitudinal
MR oscillations have been observed at 4.2 K in single nanowires grown by Ulitovsky
technique with a diameter 0.2 < d < 0.8 um [10-12] and in a Bi nanowire arrays
270nm in diameter [13]. For the disordered cylindrical samples with short mean
free path (compared with the circumference of the cylinder) the new type of AB
oscillations with a period AB = ®(/2S was predicted by Al’tshuler, Aronov, and
Spivak (AAS) [14]. This effect arises from the interference of pairs of coherent
electron waves circumscribing the cylinder. These oscillations were observed by
Sharvin and Sharvin [15] on the Mg cylinder 1 wm in diameter and 1 cm long.

Since the introduction of the AB effect, the phase factor has been studied inten-
sively. Berry [16] showed that, even in the absence of electromagnetic fields, when
a quantum state undergoes an adiabatic evolution along a closed curve in parameter
space, it develops a phase that depends only on this curve. To observe Berry’s phase
in an electronic system with spin, Loss et al. [17] proposed to study transport in a
mesoscopic ring structure in the presence of an orientationally inhomogeneous mag-
netic field. This can be experimentally implemented via fabricating the ring from a
material with inversion asymmetry and spin—orbit (SO) interaction.
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In this paper, we present our results of the observation of AB oscillations with
periods AB = ®y/S and AB = ®(/2S on single Bi nanowires with a diameter
45 < d < 75nm. The manifestation of Berry phase shift for /1/2e oscillations will
be discussed.

2.2 Experimental

The Bi nanowires were fabricated using the Ulitovsky technique, by which a high-
frequency induction coil melts a 99.999%-pure Bi boule within a borosilicate glass
capsule, simultaneously softening the glass. Glass capillaries containing Bi filament
were produced by drawing material from the glass [10, 11, 18]. Schematic diagram
of the Ulitovsky fabrication process of the Bi nanowire is shown in Fig. 2.1b. Encap-
sulation of the Bi filament in glass protects it from oxidation and mechanical stress.
It has been observed that individual nanowires are single crystals, the crystalline
structure of which is determined by Laue x-ray diffraction and SdH methods. The
Bi in the microwires can be viewed as cylindrical single crystals with the (1011)
orientation along the wire axis. In this orientation, the wire axis makes an angle of

: Bi wires, LMR, T=1.5 K b
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T 5nm
1 glass|
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& XK | Koo
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Fig. 2.1 Magnetic field dependence of the longitudinal MR for a 55 and 73 nm Bi nanowires,
T = 1.5K. (a) Temperature dependences of the resistance for a 55 and 73 nm Bi nanowires and
(b) schematic diagram of the Ulitovsky fabrication process of the Bi nanowire



16 L. Konopko

19.5° with the bisector axis C3 in the bisector-trigonal plane also; the trigonal axis
Cj3 is inclined to the wire axis at an angle of 70°; and one of the binary axes C is
perpendicular to it. Electrical connections to the nanowires were performed using
Ing.5Gay 5 eutectic. This type of solder consistently makes good contacts, compared
with other low-melting-point solders, but it has the disadvantage that it diffuses at
room temperature into the Bi nanowire rather quickly. Consequently, the nanowire
has to be used in the low-temperature experiment immediately after the solder is
applied. The samples used in this work are, to date, the smallest diameter single-Bi
wires for which the electronic transport at low temperatures has been reported.

All measurements were performed at the High Magnetic Field Laboratory
(Wroclaw, Poland) in superconducting solenoid in magnetic fields of up to 14T
at temperatures 1.5-4.2K. The samples were measured in a two-axis rotator, in
which the sample holder was rotated by means of a worm drive and a step motor.
Together with MR data, we registered the first derivative of the MR using mod-
ulation technique (small AC magnetic field AB = 7.5 x 107> T was produced
by special modulation superconducting coil at frequency 13.7Hz). A 7265 DSP
Lock-in Amplifier was used for the separation of derivative signal.

2.3 Results and Discussion

Figure 2.1 shows the magnetic field dependence of the longitudinal MR for Bi
nanowires with d = 55 and 73 nm. R(B) decreases for increasing magnetic field
and it is typical of Bi nanowires of large diameter [18]. This effect has been observed
in many studies and by many groups in almost all samples of Bi nanowires, even
those of small diameter [2,19]. This phenomenon is a Chambers effect, which occurs
when the magnetic field focuses electrons toward the core of the wire (away from
the surface), thereby avoiding surface collisions. We have observed the nonmono-
tonic changes of longitudinal MR that are equidistant in the magnetic field. Fig. 2.1a
presents the temperature dependence of resistance Rt/ R399 of Bi nanowires with
d = 55 and 73nm. The R(T) dependencies have “semiconductor” character,
i.e., the resistance grows in the whole range of temperatures. For 7 > 100 K, the
nanowires’ resistance R(7T) ~ exp (A/2kgT). A is found to be 10 + 5meV for
both the 55 and 73 nm wires. Following Choi et al. [20], A is interpreted as the en-
ergy gap between the electron and hole band in the core of the nanowires. The values
of A that are observed are in rough agreement with the theoretical work [2], which
indicates that the band overlap decreases substantially below the value for bulk Bi
(38 meV) because of quantum confinement. Therefore, one expects the electron and
hole densities in our nanowires to be less than in bulk Bi. It can be surmised that the
low-temperature electronic transport that is observed is mediated by surface states.

Figure2.2 shows the oscillation part of magnetic field derivative of the lon-
gitudinal MR of 55nm nanowire. Part (a) shows fast Fourier transform (FFT)
spectra of this oscillation. Longitudinal MR oscillations that are equidistant in the
magnetic field and decrease in amplitude have been observed for the first time
in magnetic fields of up to 14T in Bi single-crystal nanowires with d < 80nm
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Fig. 2.2 Magnetic field dependence of derivative of longitudinal MR for a 55 nm Bi nanowires,
T = 1.5K (the monotonic part is subtracted). (a) FFT spectra of the oscillations and (b) changes
of maxima positions versus B for /1/2e oscillations which were converted into the values of phase
shift of high field harmonic oscillation

at T = 1.4+ 42K [21,22]. In contrast to oscillations that have been observed
in thick Bi microwires (0.2 < d < 0.8um, ABy = h/e and AB, = 1.4h/2e),
they exist in a wide range of magnetic field (up to 14T) and have two periods:
AB; = h/e and AB, = h/2e. Finding the h/e and the h/2e modes together is not
surprising; this has been observed in rings where it has been interpreted to be caused
by the interference of electrons that encircle the ring twice [23]. Due to SMSC in
our nanowires carrier concentration in wires core very small, it is unlikely that they
excite this oscillations. Angle-resolved photoemission spectroscopy (ARPES) stud-
ies of planar Bi surfaces have shown that they support surface states, with carrier
densities ¥ of around 5 x 10?2 cm™2 and large effective masses m x of around 0.3
[24]. The observed effects are consistent with theories of the surface of nonmagnetic
conductors whereby Rashba SO interaction gives rise to a significant population of
surface carriers [25]. Measurements of the FS of small-diameter bismuth nanowires
employing the SAH method [26] have also been interpreted by assuming the pres-
ence of surface charge carriers with ¥ = 2 x 10'> cm™2 and with the same effective
mass as in ARPES.

Given the bulk electron n and hole p densities (in undoped Bi, n = p =
3 x 107 cm™3 at 4 K) and the surface density X measured by ARPES or by SdH,
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one expects the surface carriers to become a clear majority in nanowires with diam-
eters below 100 nm at low temperatures; the ratio of surface carrier density to bulk
electrons or holes is 12 for 55 nm wires. At that point, the nanowire should effec-
tively become a conducting tube. The electrical transport properties of nanotubes
are unique, because the wavelike nature of the charge carriers manifests itself as a
periodic oscillation in the electrical resistance as a function of the enclosed magnetic
flux ® = (y/4)d?B.

Using FFT analysis, we have separated every frequency for longitudinal MR of
55nm nanowire. As it has appeared /i /e oscillation is harmonic but the extrema
of h/2e oscillation lie on a straight line only for B > 8 T and deviate step-by-step
from it at low magnetic fields. After converting the low field extrema positions to the
phase shift of high-field harmonic oscillations, the phase shift curve (Fig.2.2b) was
obtained. Mathematic simulation was used for testing this method. From B ~ 8 T
down to B = 0, the extrema of /1/2e oscillations are shifted up to 3y at B = 0,
which is the manifestation of Berry phase shift due to electron moving in a nonuni-
form magnetic field.

The derivative of MR for 55 nm bismuth nanowire was measured at various in-
clined angels of up to 90° of magnetic fields relative to nanowire’s axis in two
mutually perpendicular planes (Fig. 2.3 shows the FFT spectra for one of this plane).
The observed angle variation of the periods is not in the agreement with the theo-
retical dependence A(x) = A(0)/ cos a of the size effect oscillations of the “flux

Bi, d=55 nm, T=1.5 K FFT for0-14 T

INA~ N~ A

a=32°

Fig. 2.3 Dependence of the o T
FFT spectra for a 55 nm Bi

N

nanowires, 7 = 1.5 K on the a=16°

angle o between the direction R —~

of the applied magnetic field F,=0.696 T F,=1.157 T
2,=086T

SRESEER

and the wire axis; @ = 0 A=144T

corresponds to the LML/’/
longitudinal MR and T T —— L B s
a = 90° —to the 0,0 05 1,0 15 2,0

transverse MR Frequency, 1/T




2 Aharonov—Bohm Oscillations in Small Diameter Bi Nanowires 19

quantization” type when the period of oscillations in magnetic field depends only on
the component By, parallel to the axis of the cylindrical sample. According to the
experimental data, the shifts of oscillation frequencies at the same angles depend
on the plane of sample rotation. The derivative of MR was measured at various ro-
tational angles of nanowire when the axis of the wire was mounted perpendicularly
to the magnetic field. Even in this case, the equidistant oscillations of MR exist
in transverse magnetic fields under certain rotation angles. This means that the na-
ture of oscillations is connected with Bi FSs and is very complicated. We connect
the existence of i/2e oscillations with weak localizations on surface states of Bi
nanowires according to the AAS theory.

2.4 Conclusions

To conclude, the AB oscillations in single-crystal Bi nanowires with glass coat-
ing with diameter from 45 to 75 nm were studied. The R(T) dependencies for Bi
nanowires have “semiconductor” characteristics. For 77 > 100 K, the nanowires’
resistance, R(T) ~ exp (A/2kgT). A is the energy gap between the electron and
hole band in the core of the nanowires; A is found to be 10 & 5 me V for both the
55 and 73 nm wires. This means that semimetal to semiconductor transformation
exist in our nanowires. ARPES studies of planar Bi surfaces have shown that due
to Rashba spin-orbit interaction they support surface states, with carrier densities X
of around 5 x 10'2 cm™2 and large effective masses m 5 of around 0.3. Taking into
account these properties, the Bi nanowire should effectively become a conducting
tube. The AB oscillations with period AB = h/e and AB = h/2e were observed.
According to FFT from B ~ 8 T down to B = 0, the extrema of //2e oscillations
are shifted up to 31y at B = 0, which is the manifestation of Berry phase shift due to
electron moving in a nonuniform magnetic field. We connect the existence of 1/2e
oscillations with weak localizations on surface states of Bi nanowires according to
the AAS theory. The observed angle variation of the periods is not in agreement
with the theoretical dependence A(«) = A(0)/ cos « of the size effect oscillations
of the “flux quantization” type. Moreover, the equidistant oscillations of MR exist in
transverse magnetic fields under certain rotation angles. This means that the nature
of oscillations is connected with Bi FSs and is very complicated.
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Chapter 3

Point-Contact Study of the Superconducting
Gap in the Magnetic Rare-Earth
Nickel-Borocarbide RNi,B,C(R = Dy, Ho, Er,
Tm) Compounds
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O.E. Kvitnitskaya, D.G. Naugle, K.D.D. Rathnayaka, L.V. Tyutrina,
and L.K. Yanson

Abstract We present an overview of the efforts in point-contact (PC) study of
the superconducting (SC) gap in the antiferromagnetic (AF) nickel-borocarbide
compounds RNi,B,C (R = Dy, Ho, Er, Tm), for which the energy scales of
AF and SC order, measured by the Neel temperature 7Ty and the critical tem-
perature T, respectively, can be varied over a wide range. The SC gap was
determined from the experimental dV//d[ curves of PCs employing the well-known
BTK theory of conductivity for normal metal-superconductor PCs accounting
Andreev reflection. Additionally, the mentioned theory including pair-breaking
effect due to magnetic impurities was employed and a multiband structure of
the title compounds was taken into consideration. Recent directional PC study
of the SC gaps gives evidence for the anisotropic two-band (two-gap) nature of
SC-ty in R = Er (Tx ~ 6K < T, & 11K). Additionally, a distinct decrease
of both gaps in this compound in the AF state is observed. The SC gap in
R = Ho (Ty ~ 5.2K < T, ~ 8.5K) exhibits below T* & 5.6 K a standard single-
band BCS-like dependence vanishing above T*, where a specific magnetic ordering
starts to play a role. For R = Tm (Ty =~ 1.5K < T, & 10.5K) a decrease of the
SC gap is observed below ~5K, while for R = Dy (Ty ~ 10.5K > T, = 6.5K)
the SC gap has BCS-like dependence in the AF state. Distinct features of the SC
gap behavior in the mentioned magnetic superconductors are discussed.

3.1 Introduction

The RNi;B,C (R denotes mainly a rare earth element) family of ternary
superconductors is very attractive for studies of fundamental questions in su-
perconductivity and its interplay with magnetic order [1]. This family attracts
attention because the superconducting (SC) critical temperature in RNi;B,C is
relatively high, and their SC properties exhibit often unconventional behavior and
superconductivity and magnetic order compete in some of these materials. As it
was shown in [2], to describe properly the SC properties of nickel borocarbides a
multiband scenario is required. The manifestation of the mentioned extraordinary
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properties of RNi;B,C is intimately dependent on the chemical composition and
crystal perfectness Therefore continuous progress in synthesis of highquality sin-
gle crystal samples leads to a deeper understanding of their fundamental physics.
This concerns the nature of Cooper pairing and attractive interaction along with
competition of SC and magnetic ordered states.

Studies of the directional, temperature and magnetic field dependence of the SC
gap can provide an insight into the SC ground state of RNi,B,C. This can be done
in the most direct way by point-contact (PC) [3], scanning tunneling or photoe-
mission spectroscopy. The last method has so far a lower resolution The tunneling
spectroscopy is extremely sensitive to the surface or even upper layers condition.
Therefore, nickel borocarbides are to date mostly studied by PC spectroscopy. Thus,
in this work we overview the efforts in PC studies of the SC gap in antiferromagnetic
(AF) nickel-borocarbide superconductors RNi,B,C(R = Dy, Ho, and Er, Tm)
based on published papers [4—15].

3.2 Experimental

Here we will concentrate on results measured on the best single crystals reported
so far. HONiszC (TN ~ 52K < Tc ~ 8.5 K) and TmN12B2C (TN ~ 15K <
T. ~ 10.5K) crystals were grown by a floating zone technique with optical heating
at IFW Dresden, while ErNi,B,C (Ty ~ 6 K < T, & 11 K) and DyNi,B,C (Tx ~
10.5K > T, =~ 6.5K) were grown at Ames Laboratory by a Ni, B high-temperature
flux growth method. PCs were established at the liquidhelium temperature by stan-
dard “needle-anvil” methods [3], using as a “needle” a small sharpened bar or thin
wire of a noble metal like Cu or Ag. The “anvil” or sample surface was prepared by
chemical etching or by cleavage as reported in corresponding papers [4—15]. The SC
gap was evaluated from the measured dV//d1 (V') dependences of PCs using both the
standard BTK theory [16] and a similar theory (in the case of Er), which includes
the pairbreaking effect of magnetic impurities [17]." This is important for the men-
tioned borocarbides because of the presence of magnetic moments in rare earth ions.

3.3 Results and Discussion

The SC gap Ay, results in the appearance of pronounced minima symmetrically
placedat V' & +A /e on the dV/dI characteristic of a normal metal-superconductor
contact at T < T, (see inset in Fig. 3.1). The measured dV//d[ curves of SC nickel

' The theory [17] was used to fit dV/dI for ErNi,B,C PCs. In this case there is a difference
between the SC gap Ay, and the SC order parameter, A, namely, A = A (1 —y?/ 3)3/ ® where y
is the pair-breaking parameter. However, for uniformity we used definition “one-gap” or “two-gap”

fit, although in the case of ErNi,B,C definition “two-OP” fit is proper.
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Fig. 3.1 Gap behavior in HoNiyB,C (circles) [11,12] and DyNi,B,C (squares) [9] established
by a BTK fit of PC dV/d[I curves. The arrow shows the Neel temperature for the Ho compound,
while Ty in Dy is about 10.5K, i.e. out of the x-axis. Inser: example of a dV/dI curve (symbols)
fitted by BTK theory [16] (thin curve)

borocarbides exhibit one pair of minima as in the case of a singlegap superconduc-
tors [3] Therefore a single-gap approach is usually used to fit experimental data. It
is seen from the inset in Fig. 3.1 that the one-gap fit reasonably describes dV'/d[ for
R = Ho as well as for R = Dy [9] (not shown). The obtained Ay(7") in Fig.3.1
has a BCS-like temperature dependence in both cases However, Ao (T') vanishes at
T* ~ 5.6K for R = Ho, well below the bulk critical temperature of 7. ~ 8.5K.
It was suggested in [12] that superconductivity in the commensurate AF phase in
the R = Ho compound survives at a special nearly isotropic Fermi surface sheet,
while the gap suppression at 7* may be caused by a peculiar magnetic order devel-
oping in this compound above the AF state at Ty ~ 5.2 K. Note, that the SC state in
HoNi,B,C in this region is sensitive to the current density j (see Fig.3.5 in [18]).
Thus, for j ~ 100 A cm™2 a decrease of T, by about 1 K, a remarkable broadening
of the SC transition and an enhanced reentrant behavior at Ty were found. Note that
the current density in PC is several order of magnitude higher [3] than that used in
[18], which could be the reason for the suppression of the SC gap above 7 in the
region of “exotic”” magnetically ordered states.

Recently, an interesting peculiar behavior of Ag(7) in TmNi;B,C (Fig. 3.2) was
found [13]. The SC gap has a maximum around 4-5 K and further decreases for
decreasing temperature. This is in line with the behavior of the upper critical field
along the c-axis. Apparently, AF Fluctuations occurring above the magnetically or-
dered state at Ty = 1.5 K are responsible for the decrease of the SC gap observed
at low temperatures.
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Fig. 3.3 Example of the BTK fit of the PC dV/dI curves for ErNi,B,C using the “one-gap” and
“two-gap” approaches [14]

As it was shown in [14], the “one-gap” approach to fit the measured highqual-
ity dV/dI curves® for ErNiyB,C results in a visible discrepancy between the fit
and the data at the minima position and at zero bias (Fig.3.3). At the same time,
a “two-gap” approach allows a better fit of the experimental curves for ErNi,B,C
(Fig. 3.3). As was mentioned earlier, the upper critical field H., (T') of nonmagnetic
borocarbides R = Y and Lu [2] can be properly described only by a two-band
model. Therefore, the finding of two SC gaps (with the about the same values) in
magnetic ErNi; B, C from one side testifies to the similarities in the electronic band

2 High quality means that dV//d/ has pronounced minima and additionally the absence of spike-
like structures above the minima (see, for example, the inset of ** Fig. 3.1) and other irregularities
that often accompany the measured dV//d/.
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(circles) and the smaller OP
(squares) for ErNi,B,C for
the two main crystallographic
directions according to [14]
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structure of mentioned compounds, and from the other side it points to the fact that
superconductivity and magnetism develop also in ErNi, B, C in different bands.

Let us turn to the temperature dependence of the SC order parameter’ (OP) in
ErNi;B,C shown in Fig. 3.4. It is clearly seen that both OPs start to decrease near
or below the Neel temperature. A similar decrease of the SC gap in ErNi;B,C in
the AF state was reported by STM measurements in [19] and recently, by laser-
photoemission spectroscopy [20]. Such a gap decrease in the AF state is also in line
with the Machida theory [21] in which a spin density wave ordering competes with
superconductivity.

On the other hand, in the paramagnetic state A¢(7") in ErNi,B,C is close to the
BCS-like behavior, and only the abrupt vanishing of the larger OP at T is rather
unexpected. It turned out [14] that the contribution of the larger OP to dV/d[ is
also temperature dependent decreasing with increasing temperature and containing
only about 10% close to T.. Therefore, it seems that the larger OP disappears at 7T,
due to a “shrinking” of the corresponding SC part of the Fermi surface.

It should be noted that the AF structure in Er and Tm nickel borocarbides is an
incommensurate spin density wave. As it is seen from Fig.3.2, Ao (T) for
TmNi,B,C deviates from the BCS behavior while approaching Ty. Contrarily,
Ho and Dy compounds with commensurate AF order display a BCS-like gap. Of

3 In the case of pair-breaking by magnetic impurities gapless superconductivity may occur and the
SC ** order parameter (OP) cannot be measured by a gap as in the case of usual superconductors.
The OP is generally measured by the condensate density of Cooper pairs. For the relation between
the OP and the derivative of the density of states measured in PC studies in this case and the shape
of the dV'/dI curves see [17].
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Fig. 3.5 The SC gap or OP (solid symbols) established by a PC study as a function of the critical
temperature 7, in RNi;B,C including also the nonmagnetic compounds for R = Y and Lu. For
R =Y, the extremes of the anisotropic SC gap are presented, while for R = Lu and Er the small
and large OPs are shown. For R = Ho, T is shifted to 7" = 5.6 K (see text for explanation). The
open symbols show the SC gap determined from tunneling spectroscopy [22,23]. The BCS ratio
is shown by the dashed straight line

course, in the case of R = Tm measurements below 7y & 1.5 K are very desirable
to trace similarity with the Er compound.

Figure 3.5 summarizes the measurements of the SC gap or SC OP by PCs in the
title compounds. In general, the SC gap or OP values are placed close to the BCS
value A = 1.76kgT,, taking into account the multiband behavior in the R = Er
compound and the vanishing of the SC gap in the Ho borocarbide at 7* ~ 5.6 K.
For comparison, also the SC gaps of the nonmagnetic borocarbides R = Y and Lu
are presented in Fig.3.4. A two-gap state is established for R = Lu [15] and a
strong anisotropy of the SC gap (probably due to multiband state) is observed for
R =Y [24]. It is seen that the OPs in Er and Lu compounds have close values, but
in the case of Er the larger OP contribution to dV//d/ dominates at low temperature
and then this contribution decreases (by a factor 5) with increasing temperature [14],
while for R = Lu similar behavior is observed for the smaller OP [15].

3.4 Conclusions

The SC gap or SC OP was studied using normal metal-superconductor PCs for a
series of magnetic rare-earth nickel borocarbide superconductors. For the first time,
the existence of two SC OPs in the magnetic compound ErNi, B, C has been shown.
Moreover, a distinct decrease of both the OPs is observed as the temperature is
lowered below Ty. For the R = Ho and Dy compounds with commensurate AF
order, the SC gap has a BCS like behavior in the AF state, while for R = Tm the
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gap starts to decrease by approaching a magnetic state with incommensurate AF
order. Note that the Er compound has an incommensurate AF order and the OPs
start to decrease with decreasing temperature slightly above Ty as well. Thus, the
discrepancy in the magnetically ordered state between R = Ho, Dy (commensurate
state) and R = Er, Tm (incommensurate state) results in a different SC gap or OP
behavior. More extensive directional PC measurements for R = Dy, Ho and Tm are
desirable to check the presence of multigap superconductivity in these compounds
as well.
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Chapter 4

Peculiarities of Supershort Light Pulses
Transmission by Thin Semiconductor Film
in Exciton Range of Spectrum

P.I. Khadzhi, I.V. Beloussov, D.A. Markov, A.V. Corovai, and V.V. Vasiliev

Abstract Taking into account the exciton—photon and elastic exciton—exciton
interactions we investigated peculiarities of transmission of supershort light pulses
by thin semiconductor films. We predict the appearance of time dependent phase
modulation and dynamical red and blue shifts of transmitted pulse.

4.1 Introduction

Studies of the unique optical properties of thin semiconductor films (TSF) induce a
raised interest because of the great prospects of the practical applications. The non-
linear relation between the field of an electromagnetic wave propagating through a
TSF and polarization of the medium gives rise to a number of interesting physical
effects both under the stationary and nonstationary excitation. It is very important
that the TSF has the property of the optical bistability in the transmitted and reflected
light wave without any additional device. The peculiarities of the nonstationary in-
teraction of the supershort pulses (SSP) of laser radiation with TSF was studied,
which consists of two- and three-level atoms [1-7]. A number of new results were
obtained in the investigation of the TSF transmission, taking into account the ef-
fects of exciton—photon interaction, the phenomenon of exciton dipole momentum
saturation, the optical exciton—biexciton conversion, and the single-pulse and two-
pulse two-photon excitation of biexciton from the ground state of the crystal [8—17].
The new possibilities of ultraspeed control by the transmission (reflection) of TSF
were predicted, which can have great prospects of their utilization in the optical in-
formation processing systems. Therefore, further investigation into the peculiarities
of the TSF transmission (reflection) in the exciton range of spectrum at a high level
of excitation is of high priority.

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 29
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_4,
(© Springer-Verlag Berlin Heidelberg 2009
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4.2 Basic Equations

In this section, we present the main results of the theoretical investigation of nonlin-
ear optical properties of the TSF in the conditions of the generation of high-density
excitons by the supershort pulse of the resonant laser radiation with the amplitude
of the electric field, Ej, and the frequency, w, being in resonance with the exciton
self-frequency, wg, normally incidents on the TSF with the thickness, L, which is
much smaller than the light wave length, A, but much more than the exciton ra-
dius, ag. In the frame of these conditions, the elastic exciton—exciton interaction is
the main mechanism of nonlinearity. We consider the process of pulse transmission
through the TSF, taking into account the exciton—photon and elastic exciton—exciton
interactions. We suppose that only one macrofilled mode of the coherent excitons
and photons exists. We handle the problem using the Maxwell equations for the
field and the Heisenberg (material) equation for the amplitude of the exciton wave
of polarization. We proceed from the Keldysh equation [18] for the amplitude, a,
of the exciton wave

da

d,
i =—h(A+i 2a— —=E* 4.1
lhat h(A+iy)a+glal”a NG , “4.1)

where A = w — wy is the resonance detuning, y is the damping constant of the ex-
citons, g is the constant of the elastic exciton—exciton interaction, dy is the exciton
dipole momentum transition from the ground state of the crystal, vq is the volume
of the unit cell of the crystal, and E™ is the positive-frequency component of the
electric field of the wave propagating through the TSE. The parameters dex and g
contained in (4.1) are defined by the expressions

dex = (eovohawrr/4m)? . g = (26/3) wleag, (4.2)

where &y is the background dielectric constant, ag, wrr, and I are the radius,
longitudinal-transversal frequency, and the binding energy of the exciton respec-
tively. The (4.1) for the bulk crystal corresponds to the mean field approximation, the
applicability of which was considered in [18, 19]. Following [1,3,7,8,12,13,15,17]
the boundary conditions for the tangential components of the fields of the propa-
gating pulses, we can obtain the electromagnetic relationship between the fields of
incident, Ej, transmitted, E;, and reflected, E;, waves and the amplitude, a, of the
exciton wave of polarization in the form

2oL de
EFf = E +i22= %y,
c v

t
where L is the film thickness and c is the light velocity in vacuum. We present
the macroscopic amplitudes as the products of slowly varying in time envelopes
and fast-oscillating exponential functions with the frequency w. By introducing the
normalized quantities

EfY=E+ET, 4.3)
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A= noa, F'=E'/EYEq. F =Ei/Eeq =1/,
§=Aw., I =1y 4.4)

we can rewrite the (4.1) and (4.3) in the form

A

ﬁ_z—@+pr¢WA—M—E, 4.5)
T

Ft =F +iA, F' =iA, (4.6)

where the characteristic time parameter 7y of the TSF response, the effective field
strength, E.¢, and the exciton density, ng, are defined by the expressions

ro_l = 2na)Ldezx/ (chve), no="n/(gt), Eex=hnovo/ (dexto). (4.7)

Let us estimate the values of parameters for CdS-like TSF with the thickness L =
107% cm, using &, = 9.3, vo = 1.25x10722cm™3, ap = 2.8 nm, Awrr = 1.9meV,
Ix =29meV,and y = 10! s7! [20-24]. We have obtained I' = 5.7x 1072, dox =
0.53 x 10718 ergl/2 cm3/2, g=28x 10732 ergcm3, 70 =57%x10713s, ny =
6.3 x 10'%cm™3, and E.y = 2.8 x 103 V/cm, which corresponds to the intensity
103 W/cm?.

Presenting the functions A () and F,* (r) as a sum of the real and imaginary
parts, that is, A = x + iy, ;" = F + iG and supposing that the envelope of the
incident pulse, Fj, is a real function of time, we can write the (4.5) and (4.6) in the
form

x=—(1+D)x—(6—2)y, (4.8)
y=—(1+T)y+ (@ —2)x+ F, 4.9
F=F—-y, G=n, (4.10)

where z = x? 4 y? is the normalized density of excitons, for which we can obtain
the equation too
t=-2(1+T)z+2Fy. @.11)

We see that the amplitude of transmitted wave through TSF (as well as the ampli-
tude of exciton polarization) is the phase-modulated function of time. In the linear
approximation, the solution for the function A (7) is the damped function of time

A=iFy(1+T —i8) ' {1 —exp[— (1 + T —i8) ]}, (4.12)

where the damping constant is equal to 1 + T". In (12), the exponentially damping
factor is conserved even though I' = 0, i.e., if the exciton state does not decay. This
is due to the fact that the film is the open system and the emergence of the radiation
presents the additional “dissipative” mechanism in the system of excitons. In the
limit ' < 1 (y LTy 1), the real dissipation due to the outflow of excitons from the
coherent macrofilled mode to the incoherent one is not accomplished.
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From (4.8)—(4.11), we obtain the dependence of the stationary density of excitons
zs on the field amplitude F; = Fy = Const of the rectangular incident pulse. The
dependence is defined by the solution of the cubic equation

Zs [(zs 5%+ 1+ r)z] = F}. (4.13)

For the detuning § < 8. = +/3(1 + I') the density of excitons monotonously
increases when the amplitude, Fjy, of the incident pulse increases. The dependence
zs (Fp) in this case is the nonlinear, but single-valued one. At high level of
excitations, the dependence z; (Fp) is nonlinear, multivalued and is character-
ized by the hysteresis when § > §.. For the values of the field amplitude, Fx, the
jumps appear in the behavior of the function z (Fy) at z = z4, where

7+ =%[28:|: V2 =30 +r)2], (4.14)

F2 = 22—7 [5 (82 +9(1 + r)z) + (52 31+ F)2)3/2] . @.15)

For the critical resonance detuning § = §. = +/3(1 + I'), we obtain z. = 2(1 +
/3 and F, = zg’/ % The cyclic change of the amplitude, Fj, of incident pulse
results in the jump-like change of the exciton density in film forming the hysteretic
behavior for Fy < Fy < F_. The shift of the exciton level for the increasing
excitation intensity is the main physical reason for the hysteretic dependence z (Fjp).
An investigation of these solutions concerning the stability upon the small deviation
from the stationary values leads to a conclusion that the instability of the stationary
state for zg takes place in the range z— < z < z4, which corresponds to the middle
part of the hysteretic curve zs (Fp). The system of (4.8)—(4.11) has three stationary
solutions, two of which are the specific points such as stable node (for §/3 < z < §)
or stable focus (for z < §/3 and z > §) and the third point is a saddle. The phase
portrait of the dynamic system (4.8) and (4.9) in the region of the trivaluedness is
presented on Fig.4.1.

Fig. 4.1 The phase portrait
of the dynamical system
under the investigation for the
detunings § = 0 (a) and
§=15(b)
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4.3 Discussion of Results of Numerical Solutions

We now discuss the peculiarities of the nonstationary behavior of the system sup-
posing that at the initial moment of time (z = 0) the crystal was in the ground state,
that is, X|;=¢9 = Y|r=0 = Zjz=0 = 0. The behavior of the system is defined by the
level of excitation and detuning. First, let us consider the case of exact resonance:
8 = 0. Let the rectangular pulse with the amplitude F; = Fy = Const incidents on
the TSF. In Fig. 4.2, we presented the time evolution of the exciton density in the
TSF and the amplitude of transmitted pulse, | Fy|, for the different values of the field
amplitude, Fy, of the incident pulse. At low levels of excitation, the exciton density

monotonously increases in time: z = FgZ/ (1 + I)? x (1- e_(1+r)’)2, and at long
times (7 >> 1), it reaches the stationary value z5 & F¢. Exciton density at the initial
stage of evolution accelerates when the level of excitation increases, and the small-
amplitude oscillations of the density with a long period appear. The further increase
of the amplitude, Fy, of the incident pulse leads to a sharp increase of the exciton
density at the initial stage of the evolution and to the pronounced oscillations of the
exciton density. The amplitude of oscillations increases with Fy and monotonously
decreases in time for fixed Fy. As for the period of oscillations of exciton density,
it monotonously decreases when the level of excitation increases. Then the oscil-
lations of exciton density gradually decay and the steady state is reached with the
exciton density zg (Fig. 4.2a).

The obtained peculiarities of the behavior of the function z(¢) determine the pe-
culiarities of the time evolution of the field amplitude, | F;|, of transmitted radiation.
At low levels of excitation, the field amplitude, |F;|, monotonously decreases in
time and approaches the stationary transmission. When I' = 0, the TSF is closed
in transmission and all incident radiation is reflected. In this limit, the TSF can play
the role of ideal mirror for SSP with the duration Tpyje < I'"!. When the level of
excitation increases, the week pronounced oscillations with a long period appear
after initial decrease of the function | F; (7)|. The further increase of the incident
amplitude, Fy, leads to the increase of the rate of change of the transmitted pulse at
the initial evolution stage and to the appearance of a well-pronounced oscillations
of the film transmittance. In this case, the period of oscillations decreases and the
amplitude of oscillations increases with the increase of F and even can happen that
|F{| > Fy in the peak of the first maximum (Fig. 4.2d). It is due to the fact that the
field of transmitted pulse is the sum of the field of incident pulse and the secondary
field, which is generated by the exciton polarization. If both fields are changed in
phase, then the amplitude of transmitted pulse appears to be more than the incident
amplitude. For a fixed Fy, the amplitude of oscillations monotonously decreases in
time and the steady state transmission with the amplitude | F;| & Fy is set.

Let us discuss now the peculiarities of the time evolution of the system for the
detunings § > §. (Fig.4.2b,e). In this case, at low levels of excitation, the exciton
density very slowly increases depending on both Fy and the time. At the initial stage
of the time evolution, we observe a small increase of the exciton density. The same
takes place in transmission too: the amplitude of transmitted pulse at first decreases
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Fig. 4.2 The time evolution of the exciton density z (a, b, ¢) and amplitude |F;| of transmitted
pulse (d, e, ) for the different values of the amplitude F; of incident rectangular (a, b, d, e) and
Gauss (¢, f) pulses and for the resonance detuning § = 0 (a, ¢, d, f) and § = 5 (b, e)
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in time, one or two slightly appreciable oscillations appear and then the system
transits into the steady state. However, this takes place up to the moment when the
amplitude of incident pulse, Fy, will be equal to F_, which corresponds to the jump
from one branch to another of the hysteretic dependence of exciton density on Fjy
in the stationary state (Fig.4.2b,e). Immediately after the bifurcation, the time evo-
lution of the system at the initial stage exhibits a very fast increase of the exciton
density, which is then transformed into a pronounced oscillatory regime of evolu-
tion with the great amplitudes and small periods of oscillations. The amplitude of
oscillations decreases in time and the system gradually reaches its steady state. The
same phenomena take place in the transmission too: immediately after bifurcation,
the regime with pronounced oscillations of the transmitted pulse appears. From
Fig. 4.2b,e, we can see that for § > &, a transmittance with the amplitude of the
first peak much more than the amplitude of incident pulse is possible.

We point out that the change of the amplitude of incident rectangular pulse and
the resonance detuning leads to the generation of the complex forms of the trans-
mitted pulses.

Let us discuss now the peculiarities of the nonstationary transmission of thin
film for the case of normal incidence of Gauss-like pulse Fi(t) = Fyexp(—t2/T?),
where Fyp and T are the amplitude and half-width of pulse. In Fig.4.2c,f, we pre-
sented the time evolution of the exciton density, z, and the amplitude, |F|, of
transmitted pulse for different values of the amplitude, Fy, of incident pulse. We can
see that the shape of the transmitted pulse is changed sufficiently with the change of
amplitude, Fy. The small peak of the exciton density and transmitted pulse appear at
small values of Fjy. The maximum of transmitted pulse falls at the early stage with
respect to the maximum of the incident pulse. When the value of Fy increases the
oscillations of the peak of exciton density appears, which synchronously changes
the behavior of the transmitted pulse. The peak of this pulse gradually becomes
narrow and it shifts to the front tail of the incident pulse, whereas at moments that
correspond to the center or to the rear tail of the incident pulse, the new peaks ap-
pear one after another, the amplitude and the quantity of which increase with the
increase of Fy. Far from the rear tail the weak pulse appears, which is due to the
emission of a secondary radiation. The half-widths of new peaks are significantly
small in comparison with the half-width of the incident pulse.

In Fig. 4.3, we presented the time evolution of the amplitude of transmitted pulse
for the Gauss-like incident pulse and the transmission function, that is, dependence
of the amplitude of transmitted pulse on the amplitude of incident one. We can point
the difference between the stationary and nonstationary transmittances. The inci-
dent pulses with a large amplitude lead to the strong oscillations of the transmitted
pulse, which represents the significant deviation from the steady state transmittance.
Therefore we can affirm that the steady state transmittance is obtained using the val-
ues of the amplitudes of transmitted pulses, which are set after the transient stage,
when all oscillations were terminated. The result of the experimental investigations
of the transmission function using the supershort Gauss pulses will significantly
differ from the theoretical results, which were obtained in the assumption of the
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Fig. 4.3 Time evolution of the exciton density (thin curve) and amplitude of transmitted pulse
| F{| (thick curve) (a, b) and the transmittance function F, (Fp) in comparison with the steady-state
transmittance for the Gauss pulses with half-widths 7', equal 3 (a, b) and 10 (c, d)

stationary transmission. The multivaluedness of the transmittance will be due to the
transient effects rather than due to the bistability in the steady-state regime.

As we pointed out, we have not succeeded in obtaining the nonlinear solution
of (4.8)—(4.11). However, for one unique case we have obtained the solution to the
exciton density, z(7), under the action of the incident pulse with the shape F; =
Fy exp(—37), which has the form

2P (V3-1 2/3
z =Me—zf l—cn(%(&) (1—e—2f)) (4.16)

22/3 2
—1

| [1 + (2= VA)en (ﬁ(%)/ (i _e—Zr))] ,

where cn(x) is the elliptic Jacoby function [25] with the modulus k = v/2 — +/3/2 =
sin (7r/12). In Fig. 4.4, we presented the exciton density, z, and the amplitude, F,
of transmitted pulse. We can see the appearance of the weak oscillations of these
functions for the case of a strong pump.
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Fig. 4.4 Time evolution of 50 r
the exciton density z and

amplitude F; (thin curve) of

transmitted pulse (thick

curve) for the incident pulse

of the form 25
F, = Fyexp (—31)

4.4 Conclusions

In conclusion, we studied the transmittance of TSF under the action the super-
short pulses of resonant laser radiation, taking into account the exciton—photon
and the elastic exciton—exciton interaction. We pointed out the differences between
stationary and nonstationary transmissions and the possible experimental difficulties
of their observation.
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Chapter 5

Nanostructuring and Dissolution of Cementite
in Pearlitic Steels During Severe

Plastic Deformation

Y. Ivanisenko, X. Sauvage, I. MacLaren, and H.-J. Fecht

Abstract Strain-induced cementite dissolution is a well-documented phenomenon,
which occurs during the cold plastic deformation of pearlitic steels. Recently new
results that can shed additional light on the mechanisms of this process were ob-
tained thanks to atom probe tomography investigations of pearlitic steel deformed
by highpressure torsion (HPT). It was shown that the process of cementite decom-
position starts by carbon depletion from the carbides due to defect motion; once
enough carbon is robbed from the carbide it is thermodynamically destabilized re-
sulting in rapid break-up. Additionally, it was shown that the carbon atoms do not
really dissolve in the ferrite but that they segregate to the dislocations and grain
boundaries of nanocrystalline ferrite.

5.1 Introduction

Pearlite, a lamellar structure comprising alternating platelets of ferrite and cementite
(an iron carbide of formula Fe3;C), is the most important constituent of carbon steels,
and provides their high strength. The interlamellar spacing in pearlite often varies
from 100 to 500 nm, and cementite lamella thickness can be as small as 10 nm Hence
fine pearlite can be regarded as a natural one-dimensional nanomaterial, which has
been used by mankind for hundreds of years prior to the dawn of the “nanomateri-
als era” at the end of twentieth century. Cementite is a hard and brittle, covalently
bonded compound consisting of three Fe atoms and one C atom assembled in a
complex orthorhombic structure. It is a metastable compound under ambient con-
ditions, and decomposes to a stable graphite and iron during extended annealing at
high temperatures (many tens of hours). Despite this, it is very stable at the room
temperature, and thus the steel metallurgy community was very doubtful about the
early reports of its decomposition (or dissolution) as a consequence of cold plastic
deformation. In fact, only recent measurements of atomic distributions in deformed
pearlitic steel made using atom probe tomography finally confirmed the occurrence
of strain-induced cementite dissolution.

Strain-induced dissolution of iron carbide cementite in pearlitic steels was first
reported more than 20 years ago [1], and since then there have been a growing
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interest in this phenomenon. This has occurred for two main reasons. Firstly the
issues related to the phase stability of pearlitic steels subjected to external forces
are fundamental scientific interest. Secondly, however, it is also of great practical
relevance in view of the huge practical importance of steels in construction and en-
gineering. Steels are often subject to high strains either during fabrication (e.g. wire
drawing or cold rolling) or in application. For example, rails often undergo very
high strains in use due to high contact pressures at the wheel-rail contact surfaces.
In fact, the so-called white etching layer (WEL) formed on the surface of rail tracks,
which, because of its brittleness, leads to rapid erosion in use, is a nanostructured
Fe—C alloy produced by the dissolution of cementite under the cyclic heavy plastic
deformation at the rail-wheel contact [2, 3]. Cementite dissolution is always ac-
companied by a strong refinement of the ferrite grain size down to nanoscale, and
the microhardness of this newly formed Fe—C alloy increases to values higher than
that of conventional martensite [4,5]. Moreover, its thermal stability is also better
than that of martensite [5]. Thus, it could be imagined that the use of strain-induced
cementite dissolution can offer perspectives to produce new structural states in this
well-studied material yielding different properties to those normally available for
steels.

Despite the abundance of experimental studies of strain-induced cementite dis-
solution and the associated nanostructuring, conducted on various pearlitic steels
deformed in different conditions (including cold rolling [1, 6], wire drawing [7-9]
ball milling [10-12], shot peening [13, 14], highpressure torsion (HPT) [4, 15, 16],
friction and wear conditions in the contact area of the railway tracks and wheels
[2,3]), many fundamental questions about the atomistic mechanisms of dissolution
and about the resulting distribution of the carbon atoms in the ferrite matrix are still
not fully understood. Direct observation of the microstructure of carbides and the
detection of very small concentrations of carbon is a very complicated task. Car-
bon is a light element and its content in pearlitic steels is usually less than 4 at.%;
such low concentrations are difficult to detect and quantify with analytical transmis-
sion electron microscopy (TEM) using techniques such as energy dispersive X-ray
analysis (EDX) or electron energy loss spectroscopy (EELS). Only thanks to the
recent progress in atom probe tomography (APT), has it been possible to watch the
fate of the carbon atoms as a consequence of the deformation. This combined with
studies of the nanostructure and crystallographic structures using High-resolution
TEM (HRTEM) has made possible the progress in our understanding that will be
discussed in this paper.

5.2 Experimental

The majority of the results discussed in this paper were obtained on a pearlitic steel
with composition: Fe—0.8 wt.% C—1.2 wt.% Mn subjected to HPT. The HPT process
was carried out under a pressure of 7 GPa. In this procedure, the sample was placed
between an upper immobile and lower rotatable Bridgman anvils (Fig.5.1). The
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Fig. 5.1 Illustration of the
HPT setup and of the
processed specimen

shear was realized by turning one anvil relative the other at a speed @ = 1rpm.
As with conventional torsion deformation, the shear strain, y, can be estimated by
means of the equation:

_ 27NR
T h

where R is the distance from the sample centre, N is the number of the anvil rota-
tions, and / is the thickness of the sample.

The samples twisted for different number of turns were then characterized using
optical, scanning and TEM, and APT.

APT is based on the field-evaporation of atoms. This is a projection microscope
combined with a time of flight mass spectrometer [17]. Huge electric fields are re-
quired to field-evaporate atoms (several volts per angstrom). However, this is easily
achieved by applying a voltage of a few kilovolts to a specimen prepared as a sharp
needle with a radius at the apex in the range of 10-50nm. Due to the high elec-
tric field, atoms from the specimen surface are ionized and then radially accelerated
by the electric field. They are collected on a position-sensitive detector located in
front of the sample. The evaporation is performed in a UHV chamber at cryogenic
temperatures (in a range of 20-100K) and it is controlled by short electric pulses
(duration of about one nanosecond, frequency in a range of 1-100kHz), so that
the time of flight could be accurately measured and the mass over charge ratio of
the ions precisely estimated. The mass resolution depends on the flight length, but
is usually improved by energy deficit compensation systems like reflectrons [18].
This way, isotopes of a given element can be separated, and for the best detectors
with a low background noise [19], the detection limit can be as low as 20 at. ppm.
Specimens are evaporated atomic layer after atomic layer, and thus, APT is a de-
structive technique that is not sensitive to contamination. Evaporated ions follow a
quasi-stereographic projection that can be determined thanks to field ion microscopy
(FIM) [17]. Impacts on the detector are precisely measured and then the original
position in the evaporated material is computed thanks to a reverse projection. The
spatial resolution of the instrument is 0.3 nm, and in some specific cases can be as
good as 0.1 nm, making possible the reconstruction of atomic planes in crystalline
metals. APT samples could be prepared by standard electropolishing techniques
[17] or by ion milling using focused ion beams [20].

5.1
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Thus, the APT is the only analytical microscope providing the three-dimensional
distribution of chemical species at the atomic scale. During the last twenty years,
it has been widely used in various metallic alloys to measure the composition of
nanoscale particles and to display their 3D distribution. It is also a powerful instru-
ment to reveal chemical gradients or to highlight segregation along structural defects
like grain boundaries or dislocations [21].

This technique is perfectly adapted for the investigation of the decomposition
of the Fe3C phase in severely deformed pearlitic steels. Indeed, to understand the
physical mechanisms of this phase transformation, the following are needed: (1) the
evolution of the shape and the size of the carbides (Fes;C lamellae); (2) the pos-
sible change of the carbon concentration in the carbides; (3) the carbon gradient
at the FeszC/ferrite interfaces; and (4) the distribution of the carbon atoms within
the nanostructure (i.e., homogeneous solid solution or segregation along defects).
One should note that contrary to EELS, the main advantage of APT is that carbon
concentration measurements are not affected by contamination.

5.3 Results and Discussion

5.3.1 Changes in the Microstructure and in Phase Composition
of the Pearlitic Steel During HPT

The evolution of the pearlite morphology during HPT deformation in a wide range
of shear strains 60 < y < 600 and its relationship to the cementite decomposition
have been studied in [4]. The initial microstructure was fully pearlitic with ran-
domly oriented pearlite colonies with a thickness of cementite lamellae of 40 nm
and an interlamellar spacing of 250 nm (Fig. 5.2a). In a wide range of shear strains
between 60 and 200, gradual rotation of pearlite colonies in the shear direction ac-
companied by thinning and elongation of cementite platelets was observed as shown
in Fig. 5.2b, c.

After a certain shear strain, nonetching areas started to appear in colonies ori-
ented parallel to the shear direction (Fig.5.2c). It is known that carbon usually
increases the etching resistance of iron; iron martensite does not etch at all, for
example. Thus, the conclusion was made that in these nonetching areas, carbides
have been mainly dissolved. The formation of nonetchable areas starts from the pe-
riphery of the HPT specimen, i.e., in areas with the highest shear strain, (5.1) and
gradually progresses with each turn toward the center of the sample.

The microstructure of ferrite changes from single crystal in nondeformed lamel-
lae (Fig.5.3a) to cellular for intermediate stages of HPT deformation (Fig.5.3b)
and finally it transforms to a homogenous nanocrystalline one with a mean grain
size of ferrite of 10-20nm (Fig. 5.3c) [22]. This grain size is one order of magni-
tude smaller than that achieved in pure iron deformed in similar conditions [23].
Further straining does not lead to notable changes in the microstructure and the
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Fig. 5.2 Typical evolution of the cementite morphology in the course of HPT: (a) initial state —
cementite colonies are randomly oriented; (b) after one rotation the majority of the colonies is
aligned parallel to the shear direction (shown with arrow) (c) after two rotations areas, resistant to
etching appear (shown by an oval); (d) after five rotations no cementite lamellae can be resolved
in the microstructure. All images were recorded using secondary electron contrast in scanning
electron microscopy on specimens etched with Nital

microhardness of samples shows a tendency to stabilize. Furthermore, a careful
analysis of selected area diffraction (SAD) patterns had revealed a few weaker
reflections due to cementite (marked **C) (Fig.5.3d), and dark-field imaging of
cementite has showed occasional very fine equiaxed cementite particles distributed
uniformly in the structure [22].

The thinning and elongation of cementite lamellae in direction of deformation
accompanying by partial cementite decomposition has been observed also for cold
rolling [1,6] and wire drawing [7-9]. However, for these processes, the nanocrys-
talline steady stage with almost complete cementite dissolution has never been
achieved. On the other hand, such treatments as ball milling [10-12], shot peen-
ing [13, 14], and wear processes on surfaces of railway tracks and wheels [2, 3]
usually result in nanostructuring of ferrite and complete Fe3C dissolution.

It is clear from these and other studies that the evolution from cellular dislocation
structures in the ferrite to the equiaxed nanostructure is correlated with the break-up
of the cementite and partial dissolution of the carbon, the details of the process were
unclear until recently. Evidence collected over the last few years has now made it
possible to better understand these processes. At relatively low levels of deforma-
tion, it is already possible to break up the cementite lamellae, especially for thicker
cementite lamellae, and this is probably caused by the passage of dislocations along
a particular slip plane. One example of such broken cementite lamellae is shown in
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Fig. 5.3 TEM images of the micro/nano-structure of pearlitic steel: (a) in initial state, bright field
image; and after HPT deformation: (b) for three rotations, bright field image showing formation of
structure of misoriented cells in ferrite; (c) after five rotations, bright field image; (d) selected area
diffraction pattern after five rotations showing some cementite reflections are labeled

Fig. 5.4a, this being from a rail steel in a lightly deformed region well away from
the contact surface where severe deformation is experienced. On further deforma-
tion, for instance after one rotation in HPT at a radius of about 3 mm (shear strain
y & 60), fine cementite lamellae are frequently bent at a micron scale (Fig.5.4b)
at the same time as extensive dislocation cell formation seems to be happening in
the ferrite. This seems to correlate with the breakup of the cementite lamellae into
nanocrystals (Fig. 5.4¢). Early studies by HRTEM seem to show the intermingling of
cementite and ferrite in the “cementite” lamellae at this stage [24] and it would seem
likely that dislocation processes are contributing to transport of material into and out
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Fig. 5.4 Nanostructural processes involved in the breakup of cementite lamellae illustrated using
dark- and bright-field TEM: (a) Breakup of lamellae, probably due to the passage of a shear band
in the ferrite; (b) bending of lamellae on the micron scale by high pressure torsion; (c¢) breakup of
lamellae into nanocrystals

of the lamellae — a process that will both break up the lamellae into nanocrystals and
ultimately destroy the lamellae completely.

5.3.2 Variations of the Chemical Composition of Carbides

The conclusions about the gradual dissolution of cementite during HPT were fully
confirmed by APT investigations and important details of this process have been
revealed [25,26]. It appears that decomposition of cementite at plastic deformation
occurs via formation of a continuous range of nonstoichiometric cementite-like
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Fig. 5.5 3D reconstruction a
of an analyzed volume in the

pearlitic steel processed one

turn by HPT (a) Only carbon

atoms are plotted to exhibit a

cementite lamellae. The

carbon concentration profile

was computed with a two
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interface (b) Reprinted 30 -
from [26]
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phases with C concentration decreasing from the center of the lamella to the
interphase boundary. The larger the applied strain, the stronger the deviation of car-
bon content from stoichiometric. Figure 5.5a shows a region in a sample deformed
for shear strain y = 60, and only carbon atoms are shown in the Figure.

This is most probably a small part of a former cementite lamella that has been
fragmented and plastically deformed. The composition profile computed across
the a-Fe—cementite interface exhibits a sharp carbon gradient at this interface
(Fig.5.4b). In the far left of the profile, the carbon concentration is 25 at.%, as
expected for cementite. However, along the interface there is a 10 nm thick layer
with a carbon content in a range of 20-25 at.%, which could be attributed to off-
stoichiometry cementite. On the ferrite side, a large carbon gradient appears: there
is about 2at.% carbon in the ferrite close to the interface and this value slowly
decreases down to zero at a distance of about 8 nm from the interface.

APT investigations of pearlitic steel samples HPT-deformed to higher strains
have confirmed the revealed tendency to formation of nonstoichiometric cemen-
tite as a result of plastic deformation. Figure 5.6a represents a region in the sample
deformed to shear strain y = 300 with lamellar-like structure with an interlamel-
lar spacing in a range of 10-20nm. The composition profile computed across these
carbon-rich lamellae clearly shows that they contain a significant amount of car-
bon, about 4 at.% (Fig.5.6b). However, only few regions with this kind of lamellar
structure were revealed (less than 20 vol.%). Other colonies have been completely
transformed into an equiaxed structure made of nano-scaled a-Fe grains stabilized
by carbon atoms segregated along grain boundaries (Fig. 5.6c, d). The distribution
of carbon atoms in this nanostructure is shown in Fig. 5.6¢ and revealed by the com-
position profile computed through this volume (Fig.5.6d). A nanoscale cementite
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Fig. 5.6 (a, ¢) 3D reconstruction of two analyzed volumes (6X6x43nm? and 11x 11X 34 nm?) in
the pearlite processed by HPT (y = 300). Only carbon atoms are plotted to show three carbon rich
lamellae; (b) carbon concentration profiles computed from the left to the right across carbon rich
lamellae exhibited in Fig.5.4a. The carbon concentration of these lamellae is only about 4 at.%;
(d) carbon concentration profile computed across the 3D volume in Fig. 5.7¢ [25]

Table 5.1 Comparison between the wire drawing process and HPT

Strain  Temperature Deformation  Shape Deformation Hydrostatic Typical
rate process mode pressure  strain
Wire +++ +++ Discontinuous Change  Multiple low 34
drawing shear
HPT —_—— === Continuous  Does not Pure shear  high 200-500
change

particle is located in the middle of the volume. As shown by the profile, the cemen-
tite is slightly off-stoichiometry and contains between 20 and 25 at.% C. On the left
and right of the particle, segregation of carbon atoms along two planar defects is
clearly exhibited.

Very similar data about the transformation of the Fe; C lamellae in drawn pearlitic
steels have been reported [9,27]. The decomposition of Fes;C in severely deformed
pearlite was revealed for the first time by Mossbauer spectroscopy in cold-drawn
pearlitic steels [1]. During the last ten years, these materials have been widely
investigated by APT and although wire drawing and HPT are two very differ-
ent processes, there are numerous similarities with the features reported in the
present study.

The main differences between HPT and wire drawing are listed in Table5.1.
The strain level reached by HPT is usually much higher, but the strain rate during
drawing is higher. This higher strain rate (with drawing speeds up to 500 m/min)
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may induce some significant temperature increase even in wet drawing operations,
while this is very unlikely to occur during HPT. During HPT, the plastic deformation
is continuously applied to the sample, while during drawing the wire diameter is re-
duced step by step through a full set of dies. The hydrostatic pressure is much higher
during HPT (to avoid slip between the anvils and the sample), but the deformation
mode is simpler (pure shear).

Cold-drawn pearlitic steel wires are among the strongest commercial steels, and
they typically exhibit a yield stress higher than 3 GPa. Such a high strength is usu-
ally attributed to their unique nanostructure: pearlite colonies are strongly elongated
along the wire axis during the drawing process and the interlamellar spacing is re-
duced to about 20nm. During HPT, a similar phenomenon occurs: although the
Fe3C is supposed to be brittle since it does not have five independents slips systems,
the lamellae deform plastically to some extent (although they do not remain as sin-
gle crystals — see Fig. 5.4). Depending on their original orientation, they eventually
bend and then they are strongly elongated along the shear direction. For the low-
est strain, just as in drawn pearlite, the resulting material is a nanoscale lamellar
structure with an interlamellar spacing in a range of 10-50nm [4].

The strain-induced decomposition of the carbides in drawn pearlite typically
starts for a true strain range between 2 and 3, and some authors have reported that
carbides are fully decomposed at a strain of about 5.5 [8]. This phenomenon has
been widely investigated by APT since the late 1990s [8,9,28-31]. However, the
driving force and the kinetics of this phase transformation are still controversial. The
main difficulty for the interpretation of experimental data is related to the random
orientation of pearlite colonies prior to the drawing process. Depending on the ori-
entation of lamellae with the drawing axis, the deformation of both a-Fe and Fe3C is
more or less pronounced, which gives rise to a wide range of interlamellar spacings
in the drawn wire and to the experimentally observed heterogeneous decomposition
of cementite.

Above a critical strain, the Fe3C lamellae become so thin (only a few nanometres)
that they cannot sustain more plastic deformation and fragmentation occurs together
with decomposition (Fig. 5.7), in agreement with the TEM results of Fig. 5.4c. How-
ever, it is worth noticing that the lamellar nanostructure aligned along the wire axis
is retained. In HPT samples, the situation is very different, especially because the
strain level is much higher and the strain rate is much smaller. This gives rise to
more opportunities for carbon atoms to interact with dislocations, and also more
time to diffuse. Thus a full redistribution of carbon atoms happens and the lamellar
structure may disappear completely.

In conclusion, APT analyses confirm that cementite is decomposed by severe
plastic deformation, and the data provide new information about the decomposi-
tion mechanisms. Moreover, APT data clearly confirmed the TEM observation that
showed that even after shear deformation y = 300 cementite decomposition remains
incomplete (Fig. 5.7). However, the remaining FesC particles are very small and no-
ticeably substoichiometric.



5 Nanostructuring and Dissolution of Cementite in Pearlitic Steels 51

a C

nm

Fig. 5.7 (a) 3D reconstruction of a volume (8 X 8 X 4nm3) analyzed by APT in a cold drawn
pearlitic steel (true strain 2.3), only C atoms are displayed to exhibit a Fe;C lamella with a thickness
of only 3 nm. (b) Composition profile computed across the carbon rich lamella of the showing that
the average carbon content is lower than 25 at.% (sampling box: 1 nm). (¢) Same volume as (a),
but the data were filtered to exhibit only the regions containing more than 20 at.% C, i.e., some
near-stoichiometric Fe;C clusters within the carbon rich lamella (C atoms in black and Fe atoms
in grey)

5.3.3 Distribution of Released Carbon Atoms
in the Microstructure

Since the discovery of the phenomenon of deformation induced cementite decom-
position, the question about the distribution of released C atoms was a real puzzle.
The equilibrium solubility of C in a-Fe is very low at the room temperature, and dis-
solution of even small amounts of C should lead either to notable increase of lattice
parameter or to the formation of tetragonal martensite. However, neither shifts nor
the splitting of XRD peaks has been ever observed. It was proposed that C atoms
are located in places where they will not cause lattice expansion and will not lead to
a change of lattice parameter, i.e., the sites of decreased atomic density as the core
of the dislocation or free volume of a high-angle grain boundary [4]. The results
recently obtained using 3D AP and presented earlier have confirmed this suggestion,
clearly showing that the released carbon atoms segregate to dislocations, grain and
cell boundaries in ferrite (Fig. 5.6¢, d) [26]. Similar distributions of carbon along the
boundaries of nanocrystalline grains were found in ball-milled pearlitic steel after
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strain-induced cementite dissolution [32]. In some cases, the combination of high
strains and the liberated carbon content held at such defects appears to promote the
reverse transformation of ferrite to austenite, since austenite has a higher solubility
for carbon than ferrite [22,33].

5.3.4 Role of the Cementite Morphology

Many investigations indicate that the cementite morphology (Ilamellar or spherical,
which is often called spheroidite) and degree of its refinement influence strongly the
process of strain-induced cementite dissolution. Shabashov et al. [16] investigated
the microstructure and phase composition of pearlitic steel with different initial
cementite morphology after severe plastic deformation by HPT using TEM and
Mossbauer spectroscopy. They found that in case of spheroidite, more than 40%
of the initial Fe3C retained in the structure even after ten turns of HPT deforma-
tion, which corresponds to a shear strain, y = 600. At the same time, for lamellar
pearlite, the smaller the cementite lamellar thickness, the greater the degree of ce-
mentite dissolution. Similar results have been obtained for cold-rolled pearlitic steel
samples [6]. It may also be noted that the size of pearlite colonies had no influence
on the decomposition of cementite. Obviously, the larger inter-phase surface in fine
pearlite compared with the one in coarse pearlite promotes more area for diffusion
of C to ferrite thus accelerating the process of cementite dissolution. On the other
hand, only fine lamellae with a thickness less than 30 nm can be deformed plastically
[34], while thicker lamellae simply break into pieces as in Fig.5.4a. The thinning
and elongation of cementite platelets during straining lead to a further increase of
the inter-phase boundary area, i.e., further facilitates the dissolution.

5.3.5 Driving Force and Mechanism of Strain Induced
Decomposition of Cementite

There are two approaches to explain the dissolution of cementite. One approach is
based on ballistic models where movement of matter is caused by external factors
[1,4,35] and the other one is based on thermodynamic equilibrium considerations
in metastable phases [7,36-38]. Gridnev and Gavrilyuk [1] pointed out that the
diffusion of carbon from cementite to the cores of the dislocations close to the in-
terfaces is a possible mechanism for cementite dissolution. The bonding energy- of
carbon to the cores is 0.5 eV, which is approximately the same as the bonding en-
ergy to the cementite, so that carbon atoms may have low energy sites in the cores
of dislocations in the ferrite matrix. Lojkowski et al. [3] and other authors [24,34]
indicated that with each cycle of plastic deformation of the material, the density of
dislocations increases, in particular at the cementite—pearlite interface. Since dif-
fusion along dislocation cores is orders of magnitude faster than in the bulk, this
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causes an increase of the effective diffusion coefficients and permits accelerated
dissolution of cementite. At the same time, the degree of thermodynamic instability
of the pearlite increases as well. This is caused by two reasons: their very small size
so that capillarity effects become important [7,39] and accumulation of strains in
the precipitates [40].

The recent analysis of chemical composition of Fe3;C performed using APT re-
vealed carbon loss in the carbide as a result of the severe plastic deformation. This
offers a new insight into the reasons for the destabilization of cementite at plastic
deformation. Off-stoichiometric cementite is not a stable phase [41-43]. The calcu-
lations of the densities of states of cementite having different carbon concentrations
using the self-consistent unrestricted full-potential linear muffin-tin orbital method
[43] have shown that the electron spectrum of cementite with a deficit of C atoms
remains close to that of stoichiometric Fe3C only until the C-vacancy concentration
is about 25%, which corresponds to the absolute concentration of carbon in carbide
of 19 at. %. Sharp changes in the electron spectrum were observed for the casses
of larger concentrations of C vacancies, in these cases, the Fermi level was near the
peak of the density of states, indicating the instability of such systems. The calcula-
tions of [43] demonstrate that the primary reason for the destabilization of cementite
at plastic deformation is the deformation-induced outflow of carbon atoms from the
cementite, and not capillary effects and relaxation of surface stresses as discussed
by [7,27], because the partial decomposition of cementite observed after HPT defor-
mation for y = 60 had occurred when cementite lamellae still preserved something
like their original shape (Fig. 5.2b) and their thickness was not small enough to con-
sider the effect of capillarity.

On the other hand, further HPT deformation of pearlite leads to the thinning,
elongation, and refinement of cementite platelets, and therefore, the contribution
to the driving force from capillarity and Gibbs—Thompson effects as discussed by
[27] starts to gain importance. As a result, the rate of cementite dissolution will
increase with increasing shear strain leading to almost a complete dissolution. The
APT data confirm the mechanism of outflow of carbon atoms from cementite lattice
to dislocations in ferrite suggested by Gridnev and Gavrilyuk [1]. Actually, carbon
segregations on dislocation cell walls close to the interphase boundary have been
observed in APT experiments (Fig. 5.6). Frequent jumps of carbon atoms from ce-
mentite to dislocations would result in the formation of narrow areas in cementite
along the interphase boundary depleted with carbon. However, the concentration of
carbon gradually decreases by approaching this boundary as shown in concentration
profile (Fig. 5.5b). This result indicates that there is downhill diffusion of carbon in
cementite in direction to interphase boundary. The diffusion of carbon is facilitated
by the formation of a nanocrystalline structure in the cementite (Fig. 5.4c) as grain
boundary diffusion coefficients are always higher than for bulk diffusion. Therefore
the outflow of carbon from cementite should be significantly accelerated subsequent
to the formation of nanocrystalline structure.
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5.4 Conclusions

. Strain-induced decomposition of cementite occurs in pearlitic steels in conditions

of severe plastic deformation. Decomposition of cementite begins with an out-
flow of carbon atoms from the carbides and induces the formation of substoichio-
metric cementite, which is thermodynamically unstable.

The morphology of carbides is very important to this process. Spheroidite and
coarse lamellar pearlite dissolves much more slowly than fine pearlite deformed
under the same conditions. Increased inter-phase area between ferrite and ce-
mentite in fine pearlite promotes better diffusion of C atoms; additionally, the
thinning and elongation of cementite lamellae in fine pearlite due to plastic de-
formation further increases the inter-phase area.

Carbon atoms released after decomposition of cementite segregate to dislocations
and grain and cell boundaries and do not seem to dissolve in the ferrite.
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Chapter 6
Advanced Method for Gas-Cleaning
from Submicron and Nanosize Aerosol

A. Bologa, H.-R. Paur, and H. Seifert

Abstract In a recent paper, the results of the development of an advanced method
and an electrostatic precipitator of submicron and nanosize particles are presented.
The method is based on particle charging in a DC corona discharge, formed in a
small electrode gap of the electrode assembly and particle precipitation in the col-
lector under the influence of aerosol space charge.

6.1 Introduction

The chemical process industry, electrical utility plants, waste incineration facilities,
etc. require the efficient removal of fine and ultrafine particles from off-gases. Also
the air pollution problem arise from the nanoparticles that are produced in industrial
processes [1]. Dust is responsible for serious and disabling diseases like pneumoco-
niosis, interstitial lung disease and fibrosis, lung cancer, and asthma. The potential
hazard of nanoparticles is not predictable by the bulk physicochemical properties of
the different materials, but of the particle size, concentration, and toxicity. Thus, the
removal of ultrafine particles from the exhaust gas is a new and important area of
research [2].

The removal of submicron and nanosize particles from raw gases by cyclones,
bag filters and scrubbers is a difficult task [3-5]. The collection of particles by
cyclones causes considerable energy consumption. Fabric filters have problems in
handling dust which may corrode or blind the cloth. Wet scrubbers could be used
under favorable conditions However, their applications and performance are limited
due to the highpower consumption and waste awter treatment

Electrostatic precipitators (ESP) are the most effective equipment for fine and
ultrafine particle collection [6,7]. The physical operation of a conventional ESP
involves particle charging, collection, dislodging and disposal. Particles suspended
in a gas enter the precipitator and pass through ionized zones. The high-voltage
discharge electrodes through a corona effect emit negative ions into the gas with
charged particles. The electric field around the highvoltage electrodes causes the
charged particles to migrate and to precipitate on the collecting electrodes. Rappers
dislodge the agglomerated particulate, which falls into the collection hoppers for
removal [3,5]. The greatest advantage provided by an ESP is that the electrostatic
H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 57
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force of highly charged particles under the influence of an external electrostatic field
is considerably large, compared with gravitational, thermal and inertial forces.

The efficiency of collection and the cost of an electrostatic precipitator depend
on different factors: several of them are particle size and resistivity, operation volt-
age, gas flow distribution and proper operation of the collected aerosol handling
system. The particle size of the incoming particulate has a dramatic impact on the
sizing of an electrostatic precipitator and its cost. The size of a conventional precip-
itator must be increased in case of collection of very fine particles because they are
easily reentrained into the gas stream. Particles in the lowrange resistivity (under
107 Q m) are easily charged. However upon contact with the collecting electrodes,
they rapidly lose their charge and are repelled by the collecting electrodes back into
the gas stream. Particles in the medium resistivity range (107 —1013Q m) are the
most acceptable for electrostatic precipitators. Particles in the high-resistivity cate-
gory (above 10'3 @ m, materials such as SiO,, Al,O3, TiO,, etc.) being collected
may cause back corona on the surface of the grounded electrodes which decreases
the collection efficiency of the electrostatic precipitator [7]. The proper operation of
the highvoltage system is the key-factor of the electrostatic precipitator efficiency.
Any problems or inefficiencies will be reflected in the operation of this system. The
higher the operation voltage, the more complicated and costlier the highvoltage sys-
tem. Good gas flow distribution is essential for optimum ESP operation. If the gas
flow is not uniform through the precipitator, the ESP collection zone is not utilized
effectively. The material collected by the electrostatic precipitator has to be removed
at a greater rate than it is being collected. If not, the material will build up in the pre-
cipitator hoppers and eventually short out the highvoltage sections. If the material
builds up into/between the collecting plates, the weight of the material can force the
collecting electrodes apart and induce permanent damage in the electrodes.

Electrostatic precipitators suffer several phenomena when ESPs are used for
cleaning gases with a high concentration of submicron and nanosize particles. This
task is made especially difficult if particles are sticky (hydrocarbons, oil mists, tars)
or when the gas stream is humid. Electrostatic precipitators suffer with the decrease
of collection efficiency when dealing with corona discharge suppression. They also
suffer with clogging problems due to buildup of fine particles on the high-voltage
and collection electrodes leading to spark-over and a loss of efficiency.

The corona suppression phenomenon can be reduced and the collection efficiency
of an electrostatic precipitator can be improved by a proper design of discharge
electrode geometry, exhibiting a low corona onset voltage, by limiting the distance
between the ionizing and collection stages and by a proper choice of conditions for
particle collection.

6.2 Development of the Method and Electrostatic Precipitator

To ensure high collection efficiency for submicron and nanosize particles and to
minimize the investment and operation costs, a new approach for electrostatic pre-
cipitation is realized in the electrostatic precipitator CAROLA® (Corona Aerosol
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Abscheider), which is developed in the Forschungszentrum Karlsruhe [8-10].
The precipitator operates on the principle of unipolar particle charging in corona
discharge and particle precipitation in the grounded collector under the external
electric field and the field of aerosol own space charge.

In the CAROLA® precipitator, there is no need to impose the field by applying
the high voltage in the collector stage, because the charge density associated with
the aerosol is itself large enough for effective particle precipitation. The operation
voltage of the CAROLA® precipitator ionizing stage is 10-20kV. Thus, compared
with conventional ESP, the investment and operation costs of the high-voltage part
of the CAROLA® precipitator are reduced. The CAROLA® precipitator also differs
from the conventional ESP by a high velocity of the gas flow in the ionizing stage.

The electrostatic precipitator consists of an ionizing and a collection stage
(Fig. 6.1). Particles are charged in the DC corona discharge in the ionizing stage,
which consists of high-voltage (HV) needle or star-shaped electrodes installed in the
grounded nozzles, tube, or mesh electrodes (Fig. 6.2), depending on the CAROLA®
application [6,9, 10]. The high-voltage electrode is supported by a HV system con-
nected to HV isolator. The electric gap is 10-15 mm.

In the electrostatic precipitator for oil mists (Fig. 6.1), the ionizing stage is in-
stalled inside of a collection stage, which together with grounded mesh electrode
ensures the collection of charged particles.

Grounded mesh electrode

High voltage electrode

Fig. 6.1 One-stage CAROLA® precipitator and the schema of ionizing stage
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b positive (left) and negative (right) DC corona discharge from the star-shaped high
voltage electrode

Fig. 6.2 DC corona discharge in a small electrode gap. (a) Corona discharge at the top of the
needle high voltage electrodes. (b) Positive (left) and negative (right) DC corona discharge from
the star-shaped high voltage electrode

In the case of liquid aerosol, such water-based solutions of H;SO4 or HCI, the
collector stage consists of a tube bundle or tower packing column. The collector
stage is positioned downstream the ionizing stage without any plenum chamber [12].

In the case of solid aerosol, a bed-filter can be used for the precipitation of
charged particles [13].

6.3 Influence of Gas Temperature on Current—Voltage
Characteristics

The current—voltage characteristics are measured for air temperatures 7 = 20 —
170°C. The characteristics of a single-stage electrostatic precipitator with small
electrode gap and star-shaped HV electrode are presented in Fig. 6.3.

With the increasing air temperature, the spark-over voltage linearly decreases;
the corona current at operation voltage lower than the spark-over voltage linearly
increases, but the spark over corona current remains practically constant.

6.4 Precipitation of Al,O3 Particles

A pilot one stage CAROLA® precipitator was used for the collection of Al,O3
particles from hot gases with a flow rate of 40-200 m3/h. The temperature of the
raw gas was 80—120°C with particle mass concentration up to 4 g/m?3. The ionizing
stage consisted of 18 grounded nozzles (Fig. 6.2a) with needle high-voltage elec-
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Fig. 6.3 Current—voltage characteristics of a single ionizing stage, negative DC corona
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Fig. 6.4 Mass collection efficiency of the pilot precipitator, collection section with dry spheres,
flow rate 100 m?/h

trodes. Particles were collected in the collection stage with consisted of two beds of
spheres with a diameter of 20-25 mm. The power consumption for particle charging
was ~200 W h/1, 000 m? of gas. The pressure drop in the collector was P < 150 Pa.

The data for mass collection 7y, = (1 — M/ Mclean) 100% are presented in
Fig 6.4. Here M., and M., are particle mass concentration in the raw gas and
in the clean gas. Particle charging increases the mass collection efficiency of the
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of the pilot precipitator, two bed collector, U = 12kV, I = 1.5mA, flow rate 100 m3/h, 18
nozzles, t = 20min, M, = 2.7 g/Nm3

Module 1

Module 2

Fig. 6.6 Pilot two-module CAROLA® electrostatic precipitator

precipitator. The mass collection efficiency was 1, > 90% during the two hours of
operation without cleaning the bed collector.

The fractional collection efficiency of the CAROLA® precipitator n; = (1 —
Craw — Celean) 100% was >99% for particles >10°um; 93-98% for particles with
sizes 1-6°m; and 85-93% for submicron particles with size <1°um (Fig. 6.5).
Here Cj, and C,, are particle fractional number concentrations upstream and down-
stream the precipitator.
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static precipitator, air flow rate 2 1/s. (a) Particle number concentration upstream the precipitator.
(b) Particle number concentration downstream the precipitator

6.5 Precipitation of TIO, Particles

A two-modular CAROLA® electrostatic precipitator (Fig.6.6) was used for the
collection of submicron and nanosize TiO, particles.
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Fig. 6.8 Fractional collection efficiency of the two-module CAROLA® clectrostatic precipitator,
air flow rate 2 1/s

The air flow (flow rate 1.5-3.11/s, temperature 18-28°C) with TiO, particles was
introduced into the precipitator. Particle number concentration varied from 0.2 x 10°
to 7.0 x 10°#/cm3, depending on the setup operation parameters. The DC negative
corona discharge was used for particle charging. Operation parameters of every
module were: voltage U = 15 £ 0.5kV and corona current / = 0.5 £ 0.1 mA.

Particle number concentrations upstream and downstream the electrostatic pre-
cipitator were measured by SMPS (Fa.TSI). The results of measurements are
presented in Fig.6.7. The use of CAROLA® precipitator ensures high fractional
collection efficiency in the size range of 20-800nm (Fig. 6.8).

6.6 Conclusion

A new method and an electrostatic precipitator CAROLA® are developed to control
submicron and nanosized particles in the off gases. The precipitator operates on the
principle of unipolar particle charging in corona discharge and particle precipitation
in the grounded collector under the external electric field and the field of aerosol
own space charge.

Single- and two-module pilot CAROLA® precipitators were tested for the col-
lection of Al,O3 and TiO, particles at different gas temperatures, voltage up to
U~15kV, and power consumption for particle charging up to 200 W h/1,000 m3
of gas. The pilot unit ensures, for Al,O3 particle, a mass collection efficiency of
up to 97% for raw gas with a particle mass concentration of up to 3 g/Nm?3. The
fractional particle number collection efficiency is in the range 85-93% for particles
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with sizes <1°pwm and 93-100% for particles with sizes >1°pm. For TiO, aerosol,
the use of CAROLA® precipitator allows to ensure a fractional collection efficiency
of more than 99% for a particle size range of 20-800 nm.
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Chapter 7
Deformation Microstructures Near Vickers
Indentations in SNO,/SI Coated Systems

G. Daria, H. Evghenii, S. Olga, D. Zinaida, M. Iana, and Z. Victor

Abstract The micromechanical properties (hardness and brittleness) of the
hard-on-hard SnO, /Si-coated system (CS) and their modification depending the on
load value has been studied. A nonmonotonic changing of microhardness with load
growth was detected. The brittle/plastic behavior of the rigid/hard-on-hard SnO,/
Si CS and its response to concentrated load action explains it.

A specific evolution of the indentation-deformed zone vs. load value attributed
to the change in the internal stress redistribution between film and substrate was
detected. It results in a brittleness indentation size effect (BISE) of the SnO,/Si CS
revealed in this experiment.

It was shown that the greater portion of internal stresses under indentation is
concentrated in the coating layer at small loads. This fact causes a strong elastic—
plastic relaxation in the film and its delamination from substrate. The increase of
brittle failure in the indentation-deformed zone with a decrease of indentation load
was revealed.

7.1 Introduction

The photovoltaic method of the direct conversion from solar energy into electri-
cal one has found an increasing application in the last years as environmentally
safe method for renewable resources of electricity. There are currently a number
of technologies and semiconductor materials under investigation under conditions
of continuous search for the ways to increase the energy conversion efficiency and
to reduce the price of the solar cells. Examples include the first installations of so-
lar batteries on the basis of ITO/Si and SnO,/Si that have been already obtained
and applied in practice. A new low-cost promising technology for the fabrication of
SnO,/Si plates for solar cells was elaborated and described in work [1]. Due to pro-
nounced metallic conductance and highest transparency for solar beams, the SnO,
film is an ideal material for the conversion of solar radiation into electrical energy.
At the same time, an obvious demand arises to develop the fabrication technology
of these planar structures with optimal photovoltaic and mechanical properties. It
is known that the durability and long life of new structural materials and devices
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on their base depend on the microstructural state that influences in turn on such
mechanical parameters as microhardness (H ), fragility (y), adhesion degree, etc.
From this point of view, the determination of the micromechanical properties and
the identification of factors that influence them are an important part of investiga-
tions for obtaining high-quality solar cells.

Note that the aforementioned materials represent the so-called coated system
(CS), namely, thin films coating on the tridimensional substrates. A minimization
of film thickness in CS to submicronic or even nanometric dimensions leads to a
significant, sometimes unpredictable, modification of the mechanical properties of
materials [2-6].

Therefore, the work program assumes the study of microstructure and the ex-
amination of the strength and brittleness parameters of a composite structure of the
“hard-on-hard” type, namely SnO, /Si. The obtained results will expand the knowl-
edge of deformation peculiarity and will contribute to the optimization of fabrication
of these structures.

7.2 Experimental

To consider the specificity of deformation of the SnO,/Si composite materials
under concentration load action, the Vickers quasi-static microindentation method
was used in the work. The loading value (P) varied in the range of 0.3-1.0N for
different specimens. In all experiments, the indentation depth exceeded the film
thickness (hing > t). The microhardness was estimated by the standard formula:
H =1,854P/d?, where P is the load and d is the indentation diagonal [7]. The d
size was appreciated as an average of both the diagonals of ten imprints. The mi-
crostructural examinations have been performed by means of Vega Tescan scanning
electron microscopy (SEM), Amplival, Neophot, and XJL-101 light microscopy
(LM). All the researches were performed at room temperature (RT). The thickness
of the SnO; coatings for experiments varied within # = 350—400 nm.

7.3 Results and Discussion

The microhardness changes depending on the applied load are shown in Fig. 7.1 for
the SnO,/Si-coated system and for the “pure” Si single-crystal used as a substrate
for the investigated CS. One can note a difference in the shape of the curves. For
the SnO,/Si CS, in general, an increase of the microhardness with loading growth
is observed (Fig. 7.1a), whereas the curve for pure Si demonstrates a decrease with
growth of loading in the low load interval, which is stabilized in the region of heavier
loads (Fig.7.1b).

The behavior of H (P) curve for the pure Si is characteristic of the hard-rigid
monocrystalline solids. As it follows from literature data [7, 8], there are several
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Fig. 7.1 The microhardness-vs.-load dependence for the SnO,/Si CS (a) and Si substrate (b); Si
plane (001); thickness of SnO, film is &350 nm, indentation is made at 7 = 300 K

causes for such a shape of Si curve. First, it is connected with the elastic recov-
ery of indentations, which is more pronounced at small load. The indent elastic
recovery leads to H increase. Second, a brittle destruction appears near indenta-
tions beginning from certain load and it enlarges further with load increase. The
brittle destruction of indentation leads to the hardness diminution [7-9]. As for the
Sn0O,/Si curve, its course is rather unusual: a nonmonotonic modification of mi-
crohardness values with load growth can be observed in Fig.7.1a. To understand
the specific character of these changes and the curve course as a whole, we have
carried out an examination of the indentation shape and indentation surroundings
(Fig.7.2).

Figure 7.2 shows that the film surface microstructure has a globular character.
Comparing the background relief of film surface (Fig.7.2a, c, e) with the image of
the indenter-sample contact surface (Fig. 7.2b, d, e), we observe that the globule di-
mensions are basically similar for both the background and the indentations. The
difference consists in their diversiform. The surface inside the indents is sufficiently
plastic and the globules have assumed a pressed shape, whereas those of the back-
ground surface look as though having a spherical one (to compare Fig.7.2a, c, e
with Fig. 7.2b, d, f).

In addition, a distance between some of globules inside the indents became
greater compared with the distance between globules on the film surface outside
the indentations. This effect is a consequence of the indenter action on the studied
CS. We suppose the globules flattening in the contact zone with partial plastic flow
and material outlet from under the indenter during penetration. As a result, the film
thickness becomes less. This supposition is in accordance with Fig. 7.2 of the work
[10] where the diminution of layer thickness in the indentation contact zone of
GaAs—AlAs heterostructures can also be observed. The spectral analysis made for
both the background and contact zones demonstrates the thickness diminution of the
SnO;, layer in the SnO,/Si CS as a response to the indenter action (pressing). For
example, the spectrograms illustrating the content of elements in the sample inside
and outside of the indentation made at P = 0.3 N are presented in Fig. 7.3.

One can see the presence of five elements: Si, being a substrate material, Sn and
O being the basic ingredients creating the SnO, film, and C and N being the in-
significant attendant impurities. A diminution of the percentage of coating elements
inside the indentation in comparison with those of the outside region takes place
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Fig. 7.2 SEM, SnO,/Si CS. The microstructure of film surfaces outside the indentations (a, c, €)
and microstructure inside ones (b, d, f). P (N): 0.3 (a, b), 0.5 (¢, d), 1.0 (e, f)

Spectrum 1 Spectrum 2
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N 259 552 ~ :g; 10.86
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Fig. 7.3 SEM, EDX spectroscopy. The chemical composition of the SnO,/Si CS inside a Vickers
indentation (a) and of the film in the indentation surrounding (b) is shown
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a b

Fig. 7.4 SEM, the Vickers method. The shape of brittle/plastic deformed zones in the vicinity of
indentations made on the SnO, /Si composite structure at loading of 0.3 N (a) and 0.5 N (b)

Table 7.1 Relation between Sn0,/Si CS

the dimension of indentation —
diagonals and brittle/plastic PON) dum) DiGum) ye = Di/d

deformed zones revealed 0.3 6.2 34 5.48
on the SnO,/Si composite 04 75 26 3.47
structure as a response to the 0.5 8.3 26 3.13
Vickers indenter penetration 1.0 12.0 26 2.17

for the studied CS (45.29% and 21.12% against 50.81% and 26.59% for Sn and
O respectively). This result is an evidence of plastic flow and material movement
during indenter penetration.

However, although the contact zone between CS and indenter was shown to be
plastic, the indentation neighborhoods demonstrated a significant brittle destruction
of the SnO; coating. For instance, the SEM images of two indentations, plotted at
P = 0.3 and 0.5N, and the destructed zone around them are presented in Fig. 7.4.
It is clearly seen from these pictures that the diameter of the destruction zone (D)
is much larger than the indentation diagonal (d).

An indentation size effect (ISE) of brittleness was revealed on the SnO,/Si CS
for indentations performed at various loads: (P, N): 0.3; 0.4; 0.5; and 1.0. It was
established that the relation between the size of destroyed film surface (D) and
the indentation diagonal (d) is a function of the loading value, or otherwise, they
are dependent on the indentation depth. Thus, an unusual behavior of the fracture
character in the indentation neighborhood has been detected with the increase of the
applied load (Table 7.1).

As it follows from Fig. 7.4 and Table 7.1, the diameter of the destroyed zone of
film near indentations (D) made on the SnO,/Si CS at different loads decreases
with the applied load increase, contrary to expectations, from 34 to 26 pm for 0.3
and 1.0 N respectively. The effect became more appreciable when considering the
dimensionless parameter ycs = Dy/d. In that case, ycs parameter decreased from
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Fig. 7.5 SEM, SnO,/Si. The cross-sectional view of surface of indents with surroundings (a, c, €)
made at three loads (P, N): 0.4 (a, b), 0.5 (c, d), 1.0 (e, f) and respective images full face (b, d, f).
Axes of coordinates: X (um); Y, nm

5.48 to 2.17 for the 0.3 and 1.0 N accordingly. To explain this ISE of brittleness, we
will refer to surface relief in the indentation-deformed zones.

The comparison of the surface profile around indentations made on the SnO, /Si
CS at different loads (Fig.7.5) demonstrated that the intensive pileups are created
around indentations. Most probably, two processes cause them: (1) plastic—elastic
recovery of indentation and the appearing of pileups in Si substrate [7, 11]; (2) the
SnO, film delamination from the substrate.

As it follows from Fig. 7.5, the area extent of the pile-up zone is approximately
equal for all loads, whereas the indentation dimension visibly grows both in diame-
ter and in depth with the increase of load.

This evolution of the indentation-deformed zone vs. load can be attributed to
the change in the internal stress redistribution between film and substrate. When
load value is small (P = 0.3 N), the indentation depth (% j,4) is about 0.9 um and
proportion ¢/ hing is ~ (0.4:0.6). For larger loads, namely P = 1.0 N, hj,q became
~1.7pumandz/ hing =~ 0.2 : 0.8. Hence, in the first case, the internal stresses will be
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distributed approximately equally between the film and substrate volume, whereas
in the second one, the main part of stresses will affect the substrate volume, 80%
and 20% of stresses being distributed in substrate and film accordingly. As a result,
at low loads, the strain is preferably distributed in film volume (in width); at heavy
loads, in substrate volume (in depth). It means that the heavier the loading, the
greater the deformation part in the substrate volume compared with the film one; i.e.,
the destruction region on the CS surface layer is proportionally diminished. In turn,
the diminution of the brittle fracture around indentation leads to hardness increase.
Note that the redistribution of stresses between film and substrate volumes not al-
ways occurs monotonically at load growth. As a result, the dependence hardness vs
load has a nonmonotonic character. Thus, the revealed brittle/plastic behavior of the
rigid/hard-on-hard SnO, /Si CS studied in the work and its mechanical response to
concentrated load action explain the nonmonotonic character of the H (P) curve
and the increase of microhardness value vs. load one (see Fig.7.1a).

One more aspect should be taken into consideration (see Fig.7.5a, c, e). The
surface inside the indentation is smoother for a load of 1.0 N compared with 0.4 and
0.5 N. This fact confirms the aforementioned suggestion that the globule flattening
occurs in the contact zone and the effect becomes more visible at heavier load (see
Fig.7.2).

In addition, for a rigid/hard CS such as SnO,/Si, it was demonstrated that a
great portion of brittle failure is concentrated in the film volume and a smaller part
is distributed in the substrate volume.

7.4 Conclusions

The study of micromechanical properties, namely, microhardness (H ), brittleness
(), and adhesion degree of the hard-on-hard SnO, /Si CS and modification of these
parameters depending on the load value has been carried out. A nonmonotonic in-
srease of microhardness with load growth has been observed. The brittle/plastic
behavior of the rigid/hard-on-hard SnO,/Si CS and its mechanical response to con-
centrated load action explained this result.

A specific evolution of the indentation-deformed zone vs. load value attributed
to the change in the internal stress redistribution between film and substrate was
detected. It results in the brittleness indentation size effect (BISE) of the SnO,/Si
CS revealed in this experiment.

It was shown that the greater portion of internal stresses under indentation is con-
centrated in the coating layer at small loads. This causes strong elastic—plastic relax-
ation in the film and its delamination from substrate. Larger brittle destruction in the
indentation-deformed zone for lower loads compared with heavier ones was shown.
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Chapter 8
Grain Boundary Phase Transformations
in Nanostructured Conducting Oxides

B.B. Straumal, A.A. Myatiev, P.B. Straumal, and A.A. Mazilkin

Abstract Nanostructured conducting oxides are very promising for various
applications like varistors (doped zinc oxide), electrolytes for the solid oxide
fuel cells (SOFC) (ceria, zirconia, yttria), semipermeable membranes, and sen-
sors (perovskite-type oxides). Grain boundary (GB) phases crucially determine the
properties of nanograined oxides. GB phase transformations (wetting, prewetting,
pseudopartial wetting) proceed in the conducting oxides. Novel GB lines appear in
the conventional bulk phase diagrams. They can be used for the tailoring of prop-
erties of nanograined conducting oxides, particularly by using the novel synthesis
method of liquid ceramics.

8.1 Introduction

Conducting oxides are currently broadly used for various applications, e.g., zinc
oxide for manufacturing of varistors [1,2], ruthenates as thick-film resistors [3],
oxides of fluorite structure (ceria, zirconia, yttria) as electrolytes for the solid ox-
ide fuel cells (SOFC) and oxygen sensors [4], perovskite-type oxides (BaTiOs,
StTiO3, LaAlO3, LaCrOs, etc.) as electrolytes and electrodes for SOFC, semiper-
meable membranes, and sensors [5]. Other applications of semiconducting oxides
are various electronic devices such as self-controlled heaters, color TV degaussers,
fuel evaporators, and air-conditioning equipment [6].

The electrical properties of these oxides, especially of nanostructured ones, are
crucially determined by the structural and chemical characteristics of the grain
boundaries (GBs). It can be due to the formation of: (a) conventional GB segre-
gation layer with a content of a second (third, fourth etc.) component less than one
monolayer (ML); (b) thin (few nm) continuos layer of a GB phase, which can be de-
scribed also as multilayer segregation, and (c) thick (several micrometers and more)
layer of a solid, liquid, or amorphous wetting phase. Such GB layers may be thermo-
dynamically stable, metastable, or unstable. Therefore, it is of crucial importance, to
have at disposal the phase diagrams including the lines of bulk and GB phase trans-
formations. Such diagrams allow tailoring the synthesis of nanostructured oxides,
controlling their microstructure and producing the devices with stable properties
and long life-time.
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8.2 Grain Boundary Phase Transformations
and Phase Diagrams

Let us consider the schematic two-component eutectic phase diagram describing
the conditions for the thermodynamic equilibrium for all three cases listed ear-
lier. Thermodynamically stable GB layers form as a result of the so-called GB
phase transitions, GB wetting being an important example of such processes [7, 8].
GB wetting phase transitions have recently been included in the traditional phase
diagrams of several systems [9, 10]. The occurrence of wetting depends on the GB
energy, ogg. Consider the contact angle ® between a bicrystal and a liquid phase.
When ogp is lower than 2051, where ogp. is the energy of the solid-liquid inter-
phase boundary, the GB is nonwetted and ® > 0° (point 1 in Fig. 8.1). However,
if ogg > 205sL, the GB is wetted and the contact angle ® = 0° (point 2). The
temperature dependency of 20y is stronger than that of ogg. If the curves describ-
ing the temperature dependencies of ogp and 207y, intersect, the GB wetting phase
transition will occur upon heating at the temperature, Ty, of their intersection. At
T > T, the contact angle is ® = 0°. By crossing the bulk solidus between points
2 and 3, the liquid phase becomes metastable. Its appearance in the system costs
the energy loss Ag. The energy gain (ogg—20sL) above T, can stabilize the GB
liquid-like layer of a thickness /. By moving from point 3 to point 4, the energy loss
Ag increases and the GB liquid-like layer disappears at GB solidus line. Therefore,
the stable layer of liquid-like phase (which is unstable in the bulk) can exist in the
GB between bulk and GB solidus lines (point 3). The same is true also if the second
phase is solid. In point 2" GB in the a-phase has to be substituted by the layer of

o
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Fig. 8.1 Schematic phase diagram with lines of GB phase transitions. 7y, — temperature of the
GB wetting phase transition (proceeds between points 1 and 2). Ty, — temperature of the GB solid
phase wetting transition (proceeds between points 1’ and 2’). Between points 3 and 4 the GB
premelting phase transition occurs. Between points 3’ and 4’ the GB premelting phase transition
occurs. In points 3 and 3’ GB is covered by the equilibrium layer of a liquid-like or p-like phase
which is unstable in the bulk
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B-phase and two o/f interphase boundaries (IBs). In point 3’ GB is covered by the
equilibrium layer of a B-like phase that is unstable in the bulk. In points 4 and 4 GB
is “pure” and contains only the usual segregation layer of component B. Therefore:

(a) Conventional GB segregation layer with a content of a second (third, fourth etc.)
component less than one ML exists in areas marked by points 4 and 4';

(b) Thin (few nanometres) continuous layer of a GB phase exists in areas marked
by points 3 and 3’ and

(c) Thick (several micrometres and more) continuous GB wetting layer of a liquid
or solid phase exists in areas marked by points 2 and 2’.

This simple scheme permits to understand the phenomena in numerous conduct-
ing oxides. Very often, they are produced with the aid of the liquid phase sintering,
where all GBs are wetted by liquid phase (i.e., in the area 2 of the scheme in
Fig.8.1). By the following cooling, the GB melt layer solidifies and can transform
either into an array of droplets, or into amorphous GB layer, or into crystal wetting
phase, or into conventional GB segregation layer of less than one ML. In detail, the
GB phases and GB structure in conducting oxides determining their life-time and
properties strongly depend on the composition and the processing route.

8.3 Grain Boundary Phases in Zinc Oxide

Zn oxide is mainly used for manufacturing varistors. Varistors exhibit highly nonlin-
ear current—voltage characteristics with a high resistivity below a threshold electric
field, becoming conductive when this field is exceeded, enabling them to be used in
current over-surge protection circuits [11]. The model usually proposed to account
for the electrical properties of ZnO-based varistors is constituted on the basis of a
bricklayer. ZnO-based varistors are approximated as a stacking of good conduct-
ing grains separated by GBs, which support back-to-back double Schottky barriers
[12—-14]. Polycrystalline zinc oxide contains small amounts of dopants, mainly
bismuth oxide. After liquid-phase sintering, such material consists of ZnO grains
separated by the Bi,O3-rich GB layers. Interfaces between the ZnO grains con-
trol the nonlinear current—voltage characteristics. Although the Schottky barriers at
Zn0/Zn0O boundaries mainly control the voltage-dependent resistivity of a varistor,
the Bi-rich GB phase also inputs into the overall resistivity.

The intergranular phase originates from the liquid-phase sintering. The sintering
conditions alter the performances of ZnO varistors [13]. An increase in the sintering
temperature results usually in a lowering in the nonlinearity of the current—voltage
curve. Bhushan et al. pointed out that an increase in the sintering temperature would
lower the Schottky barrier height [15] and Wong mentioned that the volatilization
of Bi;O3 during the sintering would bring a loss in the nonohmic property of the
varistors [16]. The big amount of structural investigations permitted us to construct
the GB lines in the ZnO-Bi, O3 bulk phase diagram (Fig. 8.2) [1, 17-25]. The first
variant of the ZnO-Bi, O3 phase diagram has been experimentally constructed by



78 B.B. Straumal et al.

900 —
ZnO+Liquid Liquid
Liquid+ .
@ Liquid Y-Bi203 825°C
800 |- iquia+ R
T BissZnOss ¥-Biz0s
e "® 753°C_ oy
o
5 738°C (Eutectic
“E 700 _@ ( ) ¥-Bi203+Bi3sZnOss 710°C _ -Bi203
3 8
I : &
600 Zn0O+Bi38Zn0ss BisZnOss +
Q
@
3
500 L1 ] ] ] ] ]
01 50 60 70 80 90 100
ZnO Bi203 (mole %) Bi203

Fig. 8.2 ZnO-Bi,0; phase diagram (solid lines, [27]). Tie-line of GB wetting phase transition
slightly at 7, above eutectic temperature 7. is added to the bulk diagram (dotted line). In the area
(1) between T and 7, melt partially wets the ZnO GBs [1]. In the area (2) above T, melt fully wets
the ZnO GBs [5]. In the area (3) below 7. ZnO GB triple junctions contain crystalline Bi,O3 and
ZnO GBs contain amorphous Bi-rich phase with about 25-30 mol.% Bi (see scheme in Fig. 8.3b)
[1,17]

Safronov et al. [26]. However, recently Guha et al. [27] found new y-Bi, O3-phase
and refined the ZnO-Bi,O3 phase diagram (Fig. 8.2).

The liquid phase sintering of the ZnO + Bi, O3 mixture proceeds in the ZnO +
liquid region of the ZnO-Bi, O3 phase diagram, i.e., above eutectic temperature of
T. = 738°C (usually at 850°C) [1]. During the liquid phase sintering, all ZnO/ZnO
GBs are completely wetted by the thick layer of the melt. The thickness of the melt
layer is governed only by the grain size and amount of the liquid phase (i.e., on the
Bi; O3 content). At 850°C, the liquid phase completely wets not only all ZnO/ZnO
GBs, but also the free surface of the ZnO particles [17]. There is some indications
that in the ZnO + liquid region close to Tt, the complete GB wetting transforms
into partial GB wetting (with contact angles above zero) [1]. In other words, in
the ZnO-Bi, O3 phase diagram, the GB wetting tie-line exists slightly above T,
(Fig.8.2).

The quenching from 850°C leaves a thick intergranular phase at the ZnO/ZnO
GBs. However, the slow cooling below T leads to the dewetting of ZnO/ZnO GBs
by crystallization of Bi,O3 [18-21]. Since the optimization of the varistor proper-
ties needs the slow cooling or a low-temperature post annealing, much work was
devoted to the structure of GBs in varistors [20-22]. At the beginning of these in-
vestigations, it was believed that all GBs contain thin Bi-rich intergranular phase.
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Then Clarke reported that most ZnO GBs in a commercial varistor were free from
the second-phase films, and the atomically abrupt GBs were observed using the lat-
tice fringe imaging [28]. However, later Olsson et al. found the continuous Bi-rich
films in the majority of ZnO/ZnO GBs, and only a few GBs were atomically ordered
up to the GB plane [23,24]. It was also found that the treatment at high hydrostatic
pressure of 1 GPa leads to the desegregation of ZnO/ZnO GBs [25]. During deseg-
regation, the Bi-rich GB phase disappears due to the Bi GB diffusion toward the
secondary phase in the GB triple junctions.

Wang and Chiang studied the ZnO with 0.23 mol% at Bi;O3700°C [1]. The sam-
ples were brought into equilibrium at this temperature from three different starting
points: (a) after liquid phase sintering at 850°C followed by 24 h annealing at 700°C
and slow cooling down to the room temperature; (b) by sintering directly at 700°C
(i.e., below T, without presence of any liquid phase) for 2h by 1 GPa followed
by the annealing at 700°C at the room pressure; and (c) equilibrium segregation at
700°C was reached from the high-pressure desegregated state. Wang and Chiang
discovered that in all the three cases the equilibrium GB state at 700°C is the
amorphous intergranular film of 1.0-1.5nm in thickness. In other words, a thin in-
tergranular film has a lower free energy in comparison with pure crystal—crystal
GB. The thermodynamic conditions for the existence of such films were studied
by Clarke [29]. After desegregation at high temperature (Fig. 8.3a), GBs are free
from any Bi-rich layers (thin or thick). Crystalline Bi, O3 particles are present in the
GB triple junctions. However, after additional annealing at the same temperature of
700°C but at atmospheric pressure, Bi diffuses back from the triple junctions into
the GBs forming the amorphous GBs films of 1.0-1.5 nm in thickness (Fig. 8.3b).
In other words, the amorphous films build not from the undercooled liquid, but in
the solid phase, as a result of Bi GB diffusion. Moreover, the thin amorphous film
covers not only the ZnO/ZnO GBs, but also the intrephase boundary between ZnO
grains and Bi, O3 particle in the ZnO GB triple junction (Fig. 8.3b).

Crystalline Bi-Os Crystalline Bi2Os

o [32]
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. (@]
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Fig. 8.3 Scheme of GBs and GB triple junction in the ZnO-Bi, O3 at 700°C [1]. (a) Structure after
pressure desegregation at 1 GPa. GB triple junction contains lenticular crystalline BiO3 phase.
GBs contain no films. (b) Structure after additional anneal at atmospheric pressure. GBs contain
amorphous Bi;Os-rich film of 1-2 nm thickness with about 25-30 mol.% Bi. Similar film separates
ZnO grains and the lenticular crystalline Bi, O3 phase in the GB ZnO triple junction
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This behavior can be explained by the so-called pseudopartial wetting [17,30].
At certain thermodynamic conditions, liquid droplets have a nonzero contact angle
with a solid substrate (or a GB), but the rest of a substrate surface (or a GB) is not
dry, but covered by a thin film of few nm thickness. For example, the liquid Bi-rich
nanodroplets (5—15nm) with contact angle of about 40° were observed on the top
of the amorphous film of 1.95 nm thickness on the ZnO surface facets [17].

8.4 Conducting Oxides of Fluorite Structure

Conducting oxides of fluorite structure have received much attention in recent years
due to their ionic conductivity with the applications as electrolytes for the SOFC
and oxygen sensors. Yttria-stabilized zirconia (YSZ) is by far the most widely
used solid electrolyte for technological applications. The main factors driving the
interest for this solid electrolyte are its high chemical stability in oxidizing or re-
ducing environments and its compatibility with a variety of adjoining electrode
materials. It is presently employed at temperatures above 600°C. Other oxides like
calcia or scandia can also be used for the stabilization of zirconia. Although sta-
bilized zirconia exhibits good conductivity at high temperatures, the need for a
better oxygen-conducting material in SOFCs has shifted interest to doped ceria [31],
which exhibits good conductivity at lower temperatures. Usual doping ions for CeO,
are Gd®T, Sm3*, and Y3t Substitution of the Ce** cations in the lattice results in
the formation of vacancies and enhances the ionic conductivity.

8.4.1 GB Wetting Phases

It has been shown that the maximum of the ionic conductivity of YSZ occurs around
9.5mol% Y,03 [32,33]. Measurements of conductivity and oxygen diffusivity con-
firmed that YSZ are the ionic conductors at the temperatures as low as 200°C [34].
Critical to the low-temperature applications are the internal interface properties of
YSZ. In YSZ, a glassy phase was commonly observed in GBs and GB triple junc-
tions. In [38] two YSZs (called Z¢ and Zg) were sintered from powders prepared
through two different processing routes. In samples Z¢ the glassy phase wetted
GBs and GB triple junctions. Glassy phase in triple junctions has a shape of stars
with zero contact angles at GBs. These “stars” continue toward GBs as GB wetting
layers. In samples Zp, the amorphous precipitates of glassy phase in triple junc-
tions are lenticular, and spherical glass pockets are widely dispersed in the bulk of
grains, but there is no evidence of glassy films at GBs. As a result, the GB conduc-
tivity of the Zg polycrystal, which shows glass-free GBs, is about three orders of
magnitude higher than that of the Z¢ material (Fig. 8.4). These results are consis-
tent with the mechanism of oxygen-ion transport across GBs suggested by Badwal
[35]. Conductivity occurs without any constriction of current pathways in the Zg
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Fig. 8.4 Temperature dependence of specific GB conductivity of YSZ polycrystals with and with-
out GB glassy phase according to the data of [34]

ceramics, while it is restricted to the unwetted GBs in the Z¢ ceramics. Therefore,
if a GB wetting phase is detrimental, one can change a composition in such a way
that the GB wetting conditions are not fulfilled any more. In this case the GB net-
work of detrimental phase is broken and the properties of a material improve. Thus,
by changing GB wetting conditions by microalloing, one can improve the properties
of a conducting oxide.

8.4.2 Monolayer GB Segregation

Even in the absence of the GB layers of wetting phases, the properties of conducting
oxides can be controlled by the conventional (less that one ML) GB segregation. In
the zirconia obtained by the conventional sintering methods, a minor amount of sil-
icon, originated from contaminated starting materials, detrimentally influences the
conductivity of fuel cells oxides [36]. This effect originates from silicon coverage
of GBs in stabilized zirconia with the formation of a continuous GB network in
the polycrystal. Silicon-containing phase forms lenticular GB particles and they do
not wet the GBs. However, if the Si concentration in GBs reaches about 0.5 ML,
the GB conductivity drastically decreases, and does not change much with a further
increase of GB Si content [36]. However, if the grain size in stabilized zirconia
decreases from micrometer into the nanometer range, the amount of silicon will
not be enough to contaminate all GBs. As a result, the specific GB conductivities in
nanocrystalline calcia-stabilized zirconia increase about five times [36]. The specific
GB conductivities of the nanocrystalline YSZ samples (grain size 40 nm) are 1-2
orders of magnitude higher than those of the microcrystalline samples (grain size
400-1,000 nm) (Fig. 8.5) [37]. Therefore, the detrimental effect of Si-contamination
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Fig. 8.5 Temperature dependence of specific GB conductivity in nano- and microcrystalline zir-
conia stabilized by yttria and scandia. Specific GB conductivity increases by decreasing of grain
size. Thick lines represent the data of [37] for yttria-stabilized zirconia. Thin lines represent the
data of [38] for scandia-stabilized zirconia

vanishes and overall properties of nanostructured zirconia improve. Similar effect of
grain size was observed in the scandia-stabilized zirconia [38]. The specific GB con-
ductivities measured using the impedance spectroscopy increase almost two orders
of magnitude when grain size decreases from 6,000 to 60 nm (Fig. 8.5). It is an im-
portant example, how the GB engineering (tailoring the polycrystal properties by
controlling the GB structure and composition) can improve the properties of nanos-
tructured oxides for fuel cells. Thus, by decreasing the grain size, one can dilute the
detrimental GB segregation down to the harmless value and improve the properties
of a conducting oxide.

8.4.3 Scavengers for GB Impurities

Another way to compensate for the detrimental Si influence and to improve the GB
conductivity in zirconia and ceria is to use the so-called scavengers. It has been
shown already in 1982 that small additions of Al,O3 drastically improve the ionic
conductivity of YSZ [39]. Later, Al,O3 was identified as the most effective dopant
in increasing the GB conductivity of zirconia-based electrolytes [40—43]. Butler and
Drennan suggested that alumina acts as a “scavenger” for SiO;, since the affinity
of SiO;, to Al,O3 is greater than to the ZrO, [39]. As a result, the particles of
Al, O3 present in the ceramic “sweep out” silicon from zirconia GBs. It results in
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the purification effect similar to that of the decrease of grain size. The best scavenger
for ceria-based electrolyte is the iron oxide [44].

8.4.4 Heavy Doping

Heavy doping is another way to change the GB composition, and therefore, to
improve the conductivity of an oxide. Cerium oxide is a mixed ionic/electronic
conductor and exhibits high ionic conductivity when doped with lower valent
cations (acceptors). As the oxygen vacancy mobility is even higher than in cu-
bic zirconia — the other prominent fluorite-structured oxygen ion conductor — there
has been considerable interest in the potential of ceria-based solid electrolytes for
applications in SOFC or oxygen membranes. In [45] the microcrystalline ceria was
doped with Y, La, and Gd in the broad concentration range between 0.1 and 27 at.%.
The GB effect, which is indicated by the gap between the bulk and the total conduc-
tivity, was found to decrease rapidly as the acceptor concentration increases. The
GB conductivity drastically increases at the acceptor concentration between 2 and
10at.% (Fig.8.6). Simple estimation reveals that the GB conductivity reaches the
bulk value when all GBs become covered with a ML of an acceptor impurity (for
the ceria grain size of about 1 um).
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Fig. 8.6 Bulk (triangles) and total (circles) electrical conductivities at T = 440°C of La-, Y- and
Gd-doped microcrystalline cerium oxide as function of dopant concentration according to the data
of [45]
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8.5 GB Phenomena in Perovskites

Perovskite-type oxides (BaTiOs3, SrTiOs, LaAlO3, LaCrOs, etc.) have recently
attracted considerable attention for their applications in high-temperature electro-
chemical devices, such as electrolytes and electrodes of SOFC, oxygen permeating
membranes, sensors etc. For the ionic conduction, some perovskites exhibit sur-
prisingly high ionic conductivities, higher than those of well-known zirconia-based
materials. The impedance spectroscopy permits to separate bulk and GB inputs
in overall conductivity. In many cases, the overall conductivity of perovskites is
determined by the GB resistance, like that of Sr and Mg doped LaAlO3; below
550°C [6]. However, the GB input into overall conductivity gradually decreases
by increasing temperature. GBs in perovskites mainly contain the conventional GB
segregation layer. Only in few cases (like in BaTiO3 sintered from powder parti-
cles with Mn coating), the GB amorphous region with a width of about 1 nm was
observed [5]. The boundary width in such polycrystals is about five times larger
than that in the BaTiO3 sintered from powder particles without Mn coating. The
electrostatic potential barrier height of the BaTiO3 ceramics increased from 0.18 to
0.24 eV, due to the increase in the width of the excess negative charge layer from
70 to 120 nm, with an increase in the amount of the powder coating material from
0 to 1.0 at.%. A systematic variation of the GB features with the amount of coating
material indicates the possibility of using this synthesis method to get fine control
over the chemistry and electrical properties of the semiconducting BaTiO3 ceramic.

8.6 Influence of Synthesis Route on the Properties
of Nanostructured Materials

The unique properties of nanostructured materials (including those of nanograined
conducting oxides) are of great importance for various advanced applications. How-
ever, there are some indications that physical properties of the same material with
the same grain size in a nanometer range depends drastically on the preparation
technique.

It is well known that during the manufacture of nanostructured materials, the
amorphisation may happen, the supersaturated solid solutions may appear, the
metastable phases may form [46]. However, there are indications that physical
properties of the same material with the same grain size in a nanometer range
depend on the preparation technique. The most reliable data on the formation of
metastable phases came from the ball-milling experiments. Particularly, the ball
milling of steels reliably and reproducibly leads to the dissolution of cementite or
the formation of amorphous solid solution in steels [47-50]. Implantation of carbon
ions into iron also produces the strongly nonequlibrium structure in surface layers
of samples [51]. In other words, ball milling also called mechanical alloying can
be compared with a kind of mechanic implantation of one material into another.
The high-pressure torsion (HPT, also called compression shear) or deep drawing is
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principally different from the ball milling. The investigations on HPT of Al-based
alloys [52, 53] demonstrated that HPT or deep drawing lead simultaneously (a)
to the formation of highly nonequilibrium nanometer grain structure and (b) to
the disapperance of nonequlibrium phases and the formation of phases that are
in equlibrium at the HPT temperature and pressure. The carefull experiments and
analysis of previous publications on HPT demonstrate that HPT leads to the grain
refinement, but cannot lead to the disappearance of equlibrium phases or the for-
mation of nonequlibrium phases. It is the most important difference between HPT
and ball milling as two technologies for the manufacture of nanostructured mate-
rials. Therefore, the application of various novel techniques for the manufacture of
nanograined conducting oxides is very promising, especially when they permit to
synthesize the novel stable GB phases.

8.7 Synthesis of Nanostructured Oxides by a “Liquid
Ceramics” Method

Nowadays the majority of conducting oxides are produced by the sintering of oxide
powders. The addition of oxides with low melting points as sintering adds is used
for liquid-phase sintering. Sintering has several disadvatages, particularly it includes
the high-temperature synthesis steps and leads to the easy contamination of sintered
oxides (especially by silicon). New synthesis technologies would permit to broaden
the spectrum of oxides and to produce compounds with properties very promising
for the SOFCs and electronic components.

Recently, the novel technology has been developed for the deposition of
multicomponent oxide films from organic precursors (so-called liquid ceram-
ics) [54]. The films can be deposited on various substrates. The deposited films of
Zn0, Y,03, and Ce—-Gd—Ni complex oxide are dense, nonporous, nanostructured,
uniform, nontextured (Figs. 8.7 and 8.8). Grain size in these films can be varied from

Fig. 8.7 (a) Bright field high-resolution electron micrograph of the nanograined ZnO thin film de-
posited by the liquid ceramics technology and (b) Electron diffraction pattern. No texture is visible
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Fig. 8.8 (a) Bright field high-resolution electron micrograph of the nanograined Ce—~Gd—Ni com-
plex oxide thin film and (b) of the nanograined Y,Oj3 thin film deposited by the liquid ceramics
technology

5 to 100 nm. The components in multicomponent films are distributed uniformly.
This technology is extremely flexible. It permits to synthesize the oxides with var-
ious compositions and also to change the composition of oxides in the very broad
interval. The possibility of tailoring the oxide doping allows one to develop the
new advanced materials for the fuel cells and to reach the previously unattainable
parameters of the fuel cells. Liquid ceramics method permits to change the grain
size and influence the shape of grains (for example, from equiaxial, Fig. 8.8a, to
pancake-like, Fig. 8.8b).

8.8 Conclusions

Nanostructured conducting oxides are very promising for various electronic and
energy consumption applications like varistors, electrolytes for the SOFC, semiper-
meable membranes, and sensors. GB phases crucially determine the properties of
nanograined oxides produced by powder sintering. GB phase transformations (wet-
ting, prewetting, pseudopartial wetting etc.) proceed in the conducting oxides during
sintering and following thermal treatments. Novel GB lines appearing in the conven-
tional bulk phase diagrams permit the GB engineering and tailoring the properties of
nanograined conducting oxides. Particularly useful are the novel synthesis methods
for conducting oxides, like that of liquid ceramics.
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Chapter 9
Copper Electrodeposition from Ultrathin Layer
of Electrolyte

S. Zhong, T. Koch, M. Wang, M. Zhang, and T. Schimmel

Abstract Electrochemical metallization of copper is used in microelectronics e.g.,
on-chip interconnection. The need for the fundamental understanding of the copper
electrodeposition and the avoiding of ramified deposits, by exploration of especially
the influence of the chemical-physical environment on the deposition, becomes
more essential for the development of the microelectronic- and other related indus-
tries. Contrary to standard electrochemistry the electrodeposition from an ultrathin
layer of electrolyte produces much more regular deposits, because of suppressed
convection noises within this ultrathin layer. The details of the deposit morphol-
ogy give information about how the copper deposition develops. It also hints at the
influence of the local electric field and the local concentration filed on the mor-
phology and the structure of copper deposits. This unique growth system may have
significant implications on the pattern formation of many interfacial growth systems.
Besides the use for basic scientific research, there are also perspectives for differ-
ent applications in the field of parallel micro- and nano-wiring and the creation of
periodical nanostructured films.

9.1 Introduction

Electrochemical metallization of copper is used in microelectronics as on-chip in-
terconnection due to the copper superior conductivity and high electromigration
resistance [1,2]. However, unfortunately the electrodeposition of metals, such as
copper, usually produces ramified deposits [3]. Although even ramified deposits
can be useful in some cases [4], the formation of homogenous and uniform deposits
is much more important to industrial application [3]. Therefore, there is a great
need for a fundamental understanding of the copper electrodeposition. Especially
the understanding of the influence of the chemical-physical environment on the de-
position process becomes more and more essential. The studies of crystal growth
suggest that ramified growth is related to the noises of the external Laplacian fields.
It is intriguing to know whether the ramified features remain when the external
agitations are suppressed, or regular patterns can be electrodeposited directly. As
an example, Monte Carlo simulation shows that by changing the strength of the

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 89
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_9,
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electromigration, the deposit morphology may vary from fractal to stringy patterns
[5]. An experimentally similar tendency was observed in a strong electric field [6,7],
where the deposit branches look straight on macroscopic scale, yet on microscopic
scale the branches are still ramified, most likely due to the diffusion instabilities.
Other experiments show that suppressing the different noises, e.g., by introducing
agarose gels, also helps to obtain a more regular morphology on macroscopic scale
[8]. However, also in these cases the structures still remain irregular on microscopic
scale and in addition with these additives some uncontrollable factors are introduced
that make the situation even more complicated. On the other hand, the electrodepo-
sition is also influenced by the interfacial process, which includes cationic electrons
and then adsorbing on the interface as metal adatoms. The copper adatoms are then
diffusing on the surface of the electrode and finally nucleate into the metal solid
phase. This process is sensitive to the variation of the concentration fields and the
electric fields at the very close region in the front of interface. Because of the compe-
tition of nutrient transport and interfacial kinetics, the interfacial concentration field
may become unstable [9-12]. Hence the nucleation rate of the metal fluctuates, and
the electrodeposition is modulated by this process.

To optimize the suppression of noises and to explore the basic mechanisms of
copper electrodeposition, a unique experimental system using an ultrathin elec-
trolyte layer for electrodeposition has been developed recently [13—19]. In this
system, the noises are strongly suppressed and the morphology of deposits changes
tremendously. The unique growth behavior in such a system may have significant
implications on knowledge about pattern formation in crystal growth systems. The
aim of this paper is to discuss recent experimental developments and findings us-
ing thin layer electrodeposition and to present potential applications of the unique
deposits.

9.2 Experimental Methods

The experimental procedure is summarized in Fig. 9.1. The cell for electrodeposi-
tion consists of two parallel glass slides separated by spacers The thin electrolyte is
maintained between the two glass slides. Copper wires are used as the electrodes.
Two kinds of geometric cells are mainly used: one type is a circular cell, with a
circular anode and a point cathode in the center of the cell; the other one is a par-
allel cell with two parallel wire-like electrodes facing each other. (Fig.9.1a) The
electrolyte is a 0.05M CuSOy solution. Before applying the external potential, the
electrolyte between the glass slides is solidified carefully by decreasing the tempera-
ture to a preset value (e.g. —3°C). During solidification, CuSQOy is partially expelled
from the ice of electrolyte due to the segregation effect [20]. When equilibrium is
reached, an ultrathin aqueous layer of concentrated CuSQOy4 electrolyte is trapped
between the ice interface and the glass slides (Fig.9.1b). The thickness of elec-
trolyte can be easily tuned from tens of nanometers up to hundreds of nanometers,
by changing the preset temperature. The electrodeposition will take place in this
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Fig. 9.1 Schematic diagrams showing the process of generating copper deposits. (a) Two types of
electrodeposition cells. (b) Slow and careful freezing of CuSOy, electrolyte. Due to the segregation
effect, a thin aqueous layer of electrolyte forms between the upper glass slide and the ice. This
makes the concentration of electrolyte in the remaining liquid higher than the initial concentration.
(c) By applying a constant voltage between the two electrodes, the copper deposits start growing
from the cathode into the electrolyte. The process of growth can be observed in situ with optical
microscopy. At the end of the experiment, the copper deposits cover the whole electrodeposition
cell. (d) After deposition, cooling is stopped and the temperature rises. As a result, the ice melts.
(e) The copper deposits can be taken out of the electrodeposition cell and subsequently be used for
further studies and experiments

ultrathin layer of electrolyte. Subsequently a constant voltage or current is applied
to the two electrodes. As a consequence, the deposits immerge on the cathode and
grow laterally along the surface of the glass substrate into the direction of the anode
with a growth rate of several micrometers per second (Fig. 9.1c). When electrodepo-
sition is finished, the temperature increased to melt the ice (Fig. 9.1d). The deposits
adhere robustly on the glass substrate and can easily be taken out of the electrodepo-
sition cell for further examinations (Fig. 9.1e). The deposits can be cataloged either
to wires or to thin films according to their morphologies.
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9.2.1 Copper Submicrowires

Copper wires have been generated using ultrathin layer electrodeposition. The
evolution of morphology depending on the varieties of experimental conditions
gives the clue to understand the influence of the chemical—physical environment
on the Cu-deposition. Much effort has been devoted to the fabrication of micro- and
nanostructures with one- or two-dimensional pattern [21-23]. This ultrathin layer
technique may pave a new and easy way to the fabrication of such microstructures
for basic research and application.

9.2.1.1 Morphology of Wires

The typical copper deposit is shown in Fig.9.2. Unlike the previously reported
random branching morphology [10, 24], here the deposit branches are fingering
and have a smooth contour (Fig. 9.2a) [13—15]. The deposit is shiny and grows ro-
bustly on the glass substrate. Optical microscopy reveals that the fingering branch
consists of “cellular structures” (Fig. 9.2b), and each of them is composed of long,
narrow copper wires. Although unbranching long wires (length more than 150 pm)
can be found occasionally, bifurcation occurs to most of them. The overall density
of the deposit and the average interwire separation do not change evidently, and
hence, the cellular pattern gradually increases in width. It can be seen from the tip
region that the wires are perpendicular to the contour of the fingering branches,
which suggests that the copper wires develop along the local electric field.

Atomic force microscope (AFM) reveals that the finger-like branches actually
consist of many straight wires with periodical nanostructures as shown in Fig.9.3.
It is noteworthy that the periodical nanostructures on the neighboring wires correlate

Fig. 9.2 (a) The fingering electrodeposit grown on a glass substrate from an ultrathin film of
CuSOy solution. (b) The optical micrograph of the fingering branches shown in (a), in which
fine filaments can be seen. The fingering branches orient to different directions, so the growth of
the filaments is not restricted to the specific orientations. The initial concentration of the electrolyte
(C) was 0.05 M, the temperature (7') was —4°C, and the applied voltage (V') was 4.0 V. From [13]
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Fig. 9.3 AFM images of the copper filaments (contact mode): The top surface of the filaments is
rounded, indicating that it was not confined by any flat, rigid surface during the growth. Periodical
structures can be identified on the copper filaments. The periodic corrugations on neighboring
filaments are correlated in their position. The parameters for the electro-deposition: C = 0.05M,
V=40V,T = —5°C. From [13]

in their position, which can be easily identified in the branch-splitting regions. Since
the outlines of periodical nanostructures reflect their evolution of growth, the coher-
ence of these structures implies that they were generated simultaneously. Therefore
the coherent periodical growth of the wires is associated with an evident oscillation
of the electric deposition-current. The periodicity of these spatiotemporal oscilla-
tions depends on the voltage between the electrodes, the pH of the electrolyte, the
temperature, etc. The distinct difference between the electrodeposits that are shown
here and those that were reported previously [14] is that the branching rate has been
decreased significantly.

9.2.1.2 Structure and Composition

The structure and chemical composition of the periodical nanostructured wires have
been analyzed by transmission electron microscopy (TEM) [13]. Fig 9.4a illustrates
the diffraction contrast image of the wires, where the crystallites within each pe-
riodical structure are a few tens of nanometers in size. The electron diffraction of
the copper wire (Fig.9.4b) confirms that the microstructure of the wires is poly-
crystalline. In addition to the diffraction of copper, a diffraction of Cu,O is also
identified. The electric resistivity of the copper wire shows, however, that the av-
erage concentration of Cu,O in the thick part of the wires is less than 2% [15].
We examined the distribution of Cu,O along a wire by analyzing the diffraction
strength at the sites A—F shown in Fig.9.4a. It turned out that the ratio of the in-
tegrated strength of the diffraction of Cu,O(111) versus that of Cu(200), which is
proportional to the ratio of the local content of Cu, O and Cu, fluctuates as a function
of the position (Fig. 9.4¢).
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Fig. 9.4 TEM analysis of the periodically structured copper wires. (a) The diffraction contrast
image of the filaments. (b) The electron diffraction of the filament. The numbers on the diffraction
rings represent the following materials: (1) Cu,O (110); (2) CuO (111); (3) Cu (111); (4) Cu
(200); (5) Cu, 0 (220); (6) Cu (220); (7) Cu (311). (¢) The ratio of the integration strength of the
diffraction of Cu,O (111) vs. that of Cu (200) at the sites marked by A-F in (a). The percentage
of Cu,O is higher at the sites B and F. The parameters for the sample preparation: C = 0.05M,
V =25V, T = —2.75°C. From [13]
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Fig. 9.5 (a) SEM image of electrodeposited filaments grown on GaAs substrate. The scale bar
represents 1pum. (b) The EDXS-determined content of copper and oxygen elements along the line
from the point A to B marked in (a). The here measured sample was prepared by applying a voltage
of 1V, the concentration of the electrolyte was 0.05 M. From [16]

A more direct evidence of the concentration of Cu and Cu,O, fluctuating as a
function of position was captured by energy-dispersive X-ray spectrometry (EDXS)
and is presented in Fig. 9.5 [16]. The copper wires were deposited on single crys-
talline GaAs substrate (instead of glass). Figure 9.5a shows the scanning electron
microscopy (SEM) image of the periodical nanostructured copper wires. Figure 9.5b
illustrates the concentrations of Cu and O along the line marked in Fig.9.5a.
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Corresponding to the periodical structure, the ratio of Cu and O is oscillating. This
means that the concentration of Cu,O in valley regions is higher than that in bump
regions and fluctuates during the electrodeposition.

9.2.1.3 Mechanism of Wire Formation

The periodical structures of the copper wires presented here originate from oscilla-
tions in electrochemical deposition current. At the moment, we focus on the question
whether the ramified feature remains when the external agitations are suppressed.
The answer seems to be positive. The crucial difference of the ultrathin layer system
and previous ones is that the thickness of the electrolyte is decreased to the order of
the length of the mean free path of ion diffusion [13], which leads to the observed
distinct morphologies. In the ultrathin film only a small fraction of the cations can
move forward without collision with the boundaries. As a matter of fact, the mean
free path of ion diffusion (1) in a thin electrolyte film with two rigid boundaries
can be expressed as

1A =1/deo + 1/L

where L is the thickness of the electrolyte film and A, is the mean free path in a
bulk system. If L approaches A, A decreases evidently. The diffusion constant D
is proportional to A according to the transport theory. Therefore, ion diffusion in an
ultrathin layer is slower. Thus the noise within the system is suppressed significantly
and very regular deposits with greatly low branching are generated.

The mass transport depends on the concentration gradient (diffusion) and local
electric field (electromigration). Monte Carlo simulation shows that the branches
of deposits tend to be much straighter when a strong electric field is applied [5].
It means that the morphology of deposits is determined by cationic diffusion and
electromigration. If the electromigration plays a bigger role than the diffusion, the
morphology changes from ramified patterns to straight wires. It is important to iden-
tify the role of electromigration in an ultrathin layer system. The experiment was
performed without an external field by replacing one copper electrode by zinc. The
results are shown in Fig. 9.6. The low branching wires also are generated without an
external electric field. This implies that the generation of regular deposits is caused
by the decrease of the thickness of the electrolyte layer [17].

Even though unbranching long wires (more than 150 pm) can be found occa-
sionally, bifurcation occurs to most of them from the results mentioned earlier. On
the other hand the question rises, whether regular patterns can be directly elec-
trodeposited. This question is already important, because much effort has recently
been devoted to fabricate micro/nanostructures with regular two-dimensional pat-
terns [21-23]. By carefully controlling the applied voltage, parallel wires can be
generated on the silicon substrate at large scale (Fig.9.7). Two factors are essential
for the formation of such parallel wires. One is the local electric field in the vicinity
of the tips. The distribution of the electric filed should be uniform and ensure a
continuous growth of the tips in a parallel fashion. This can be achieved by careful
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Fig. 9.6 The morphology of copper deposits generated without an external electric field. The
branching rate is also extremely low and the morphology is similar to that generated by applying an
electric field. The results imply that the main factor that determines the morphology is the thickness
of electrolyte layer. The parameters for the sample preparation: C = 0.05M, T = —2°C. The
scale bar in all these images represents 5 pum. From [17]

Fig. 9.7 Scanning electron micrographs showing copper wire arrays deposited on a modified sil-
icon oxide surface. The copper wires are straight and uniform in width. The concentration of the
CuSOy electrolyte and the applied voltage were 0.05M and 1.3V, respectively. From [18]

control of the applied voltage. When the applied potential reaches the critical value,
an optimum electric filed distribution can be achieved. The other factor is the bal-
ance between the consumption of cations and the transport of cations. For a proper
experiment, it is required that the cations that are moved by the mass transport can
slightly overcome the barrier of the depletion layer, which is made of cations due
to electrodeposition. This stabilizes the overall physical and chemical conditions in
the vicinity of a tip. Otherwise, the first optimal condition will be broken [18].
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9.2.2 Periodically Nanostructured Films

Oscillatory growth is commonly observed in electrochemical systems and because
of e.g. controllability, attracts the research interest to understand it [25-28]. Using
oscillatory systems one can spontaneously generate periodical nanostructures [29].
In previous studies, much attention has been paid to multilayer systems, a periodical
structure growing in the direction perpendicular to the substrate. The formation of
a periodical structure horizontally in the plane of the substrate has not been studied
well to date. Using the similar technique as in Sect. 9.2.1, the periodical nanostruc-
tured films could be deposited from an ultrathin layer of electrolyte [19]. These
results will support both the understanding of the microscopic processes in elec-
trodeposition and the fabrication of pattern nanostructures by self-organization.

9.2.2.1 Results and Discussion

Figure 9.8 shows the AFM image of a thin periodically nanostructured film. The
compact and solid film was deposited on a glass substrate by applying a constant
voltage of 1.5V and setting the temperature to —2.0°C. The perspective image
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Fig. 9.8 AFM images. (a) A perspective image. The copper film shows the wave-like morphology
and has a good periodic structure. (b) A cross-section of the copper film. The wave-like curve
represents the wave-like morphology of the film and clearly illustrates the periodic structure. The
modulation wavelength is about 600 nm. The experiment was carried out at 7 = —0.3°C and
I =50pA
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(Fig.9.8a) shows the wave-like shape of the film. The curve of the cross-section
(Fig.9.8b) illustrates the wave-shape as well. The modulation wavelength in this
case is about 600 nm and the average height distance between a peak and a valley is
about 62 nm. The modulation wavelength is strongly dependent on the growth con-
ditions (e.g. pH, current, or voltage) and can easily be tuned from 80 nm to a few
hundred nanometers [19].

As for copper wires, the formation of the periodical structure is due to the spon-
taneous alternating growth of Cu and Cu,0O. The crystallites of Cu, O concentrating
in the valley regions of the film are confirmed by the investigation by scanning near-
field optical microscopy (SNOM). The light source of the SNOM is an Ar ion laser,
which generates three wavelengths: 465, 488, and 514 nm. The light of 514 nm can
be strongly absorbed by Cu,O, whereas it is not absorbed by copper. Therefore
this wavelength can be used to distinguish regions of Cu,O and Cu. Figure 9.9a
shows the friction image of the structured film, where the periodical structure can
be clearly identified. Figure 9.9b shows the corresponding measured absorption in-
tensity above the same region as it’s shown in Fig. 9.9a. The dark bands correspond
to the strong absorption of Cu,O. Obviously the regions with strong absorption in
Fig.9.9b correspond to the valleys of the surface. This result is consistent with re-
sults of the copper wire TEM [13].

During the formation of the periodic structures of the film, the voltage be-
tween the electrodes is oscillating (galvanostatic mode), as shown in Fig.9.10a.
The Fourier transform of the oscillating voltage is illustrated in the inset, where
the primary frequency is 0.2 Hz. The temporal oscillation of the electric signal
and the spatial periodicity on the electrodeposits are precisely linked together. The
oscillation relates to the applied current across the electrodes and to the pH of
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Fig. 9.9 SNOM images of a periodical structured film. (a) Friction image providing the morpho-
logical information of the film. (b) Simultaneous mapping of the absorption intensity over the same
area of the film. Comparing (a) and (b) one may find that the strong absorption at dark strips in (b)
corresponds to the ditches in the morphology. The wavelength we used in the experiment (514 nm)
is within the adsorption band of Cu,O. We therefore conclude that the crystallites of cuprous oxide
are much richer in the valley regions than in the ridge regions. The experimental conditions for the
sample preparation: / = 50 WA, T = 0.3°C, and C = 0.05M. From [19]
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Fig. 9.10 (a) The oscillating voltage between the electrodes measured in the galvanostatic mode.
The inset is the Fourier transform of the oscillating voltage. The experimental conditions are the
following: I = 50 WA, T = —2.0°C, and C = 0.05M. (b) The dependence of the oscillation
frequency as a function of the pH of the electrolyte. The experimental conditions are set as: / =
40pA, T = —4.7°C, and C = 0.05M. From [19]

the electrolyte. As illustrated in Fig.9.10b, the measured fundamental oscillation
frequency decreases when the solution becomes more acidic. If the electrolyte is
sufficiently acidic, no oscillations will be observed. The critical pH to ensure the
oscillatory growth is 2.0 when the electric current is 40 pA, the electrolyte con-
centration is 0.05M, and the temperature is —2.0°C. The fundamental oscillation
frequency becomes higher when the electric current becomes stronger [19].

9.2.2.2 Mechanism of Oscillation

Electrocrystallization of copper can be understood as follows: Cu®™ ions are driven
to the cathode by the electric field and the concentration gradient, and then they
are reduced and diffuse on the deposit surface as add atoms. Nucleation of the
add atoms, followed by limited growth, gives rise to crystallite agglomerates.
According to the Nernst equation, the equilibrium potential of Cu|Cu®" increases
when the concentration of Cu** ([Cu?*]) builds up. The deposition of copper could
take place only when the potential of the cathode is lower than this equilibrium
value. The difference between the actual potential and the equilibrium potential
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(overpotential) is the drive force to the formation of a new phase (Cu®' changes
to solid phase directly). Since Cu?* can be reduced to Cu,O as well, the following
two reactions compete with each other.

Cu?t +2e = Cu 9.1)
Cu’t + OH™ + e = Cu,0 + H,0 9.2)

The standard deposition potential for Cu, O is much higher than that for Cu. There-
fore, for a wide range of the electrolyte concentration, Cu, O deposits with priority.
Suppose that [Cu®™ | is initially high at the growing interface, the equilibrium poten-
tial for copper deposition will also be high. By applying a sufficiently low potential,
both Cu and Cu,O are deposited. It should be noted that the deposition rate of
Cu, 0 is proportional to the product of both [Cu2+] and [OH ], whereas [OH ] is
much lower than [Cu”]. Therefore, the deposition rate of Cu,O is very low com-
pared with that of copper. The electrodeposition consumes Cu?". At the same time,
the ion transport is confined by the ultrathin electrodeposition system. As a result,
[Cu2+] decreases in front of the growing interface, and it takes time for the Lapla-
cian fields to compensate for this reduction. Meanwhile, the equilibrium potential
of Cu decreases and it may even become lower than the actual electrode potential.
Once this occurs, copper deposition stops, although the deposition of Cu, O remains.
A peak of voltage emerges to maintain the current. At the same time, more Cu®™ is
driven to the cathode, and as a result, [Cu”] is accumulated again. Consequently
the equilibrium electrode potential of Cu?*|Cu resumes. If its value exceeds the
actual electrode potential, copper deposition restarts and the voltage drops down
to keep the current constant. In this way, the copper film with periodically mod-
ulated concentration of Cu,O and hence periodical nanostructures are generated
[13,18,19].

9.3 Conclusion

The ultrathin layer electrodeposition makes a significant improvement toward the
understanding of ramified phenomena in metal electrochemical deposition. Promis-
ing perspectives of such systems in the domain of nanowires and nanostructured
films have been demonstrated here.
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Chapter 10

Effect of Plasma Environment on Synthesis

of Vertically Aligned Carbon Nanofibers

in Plasma-Enhanced Chemical Vapor Deposition

Igor Denysenko, Kostya Ostrikov, Nikolay A. Azarenkov, and Ming Y. Yu

Abstract We present a theoretical model describing a plasma-assisted growth of
carbon nanofibers (CNFs), which involves two competing channels of carbon incor-
poration into stacked graphene sheets: via surface diffusion and through the bulk of
the catalyst particle (on the top of the nanofiber), accounting for a range of ion- and
radical-assisted processes on the catalyst surface. Using this model, it is found that
at low surface temperatures, 75, the CNF growth is indeed controlled by surface dif-
fusion, thus quantifying the semiempirical conclusions of earlier experiments. On
the other hand, both the surface and bulk diffusion channels provide a comparable
supply of carbon atoms to the stacked graphene sheets at elevated synthesis temper-
atures. It is also shown that at low Ty, insufficient for effective catalytic precursor
decomposition, the plasma ions play a key role in the production of carbon atoms
on the catalyst surface. The model is used to compute the growth rates for the two
extreme cases of thermal and plasma-enhanced chemical vapor deposition of CNFs.
More importantly, these results quantify and explain a number of observations and
semiempirical conclusions of earlier experiments.

10.1 Introduction

Vertically aligned carbon nanotubes (CNTs) and CNFs have high aspect ratios, are
mechanically and chemically robust conductors of electrons, and can be determin-
istically produced on any substrate [1,2]. They are utilized as supercapacitors, as
filler in composite materials, as catalyst support, for hydrogen storage, as electrodes
for fuel cells, in field-emission devices, or for ultrafiltration membranes [1-3].

The carbon nanostructures are commonly synthesized using catalyzed chemi-
cal vapor deposition (CVD), arc discharge based and radiofrequency magnetron
sputtering, etc. Using plasma-enhanced CVD (PECVD), it turns out to be possi-
ble to grow CNFs with a better vertical alignment in addition to the improved size
and spatial uniformity at higher deposition rates and substrate temperatures remark-
ably lower than that in most neutral gas-based processes. It is commonly accepted
that processes on the surface and within the metal catalyst nanoparticle on top of
a CNF determine the subsequent growth and structure. However, how exactly the
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plasma environment (e.g., ion bombardment and plasma etching [4,5]) affects these
processes and translates into (1) higher growth rates, (2) lower activation energies
for CNF growth, and (3) lower growth temperatures, remains essentially unclear de-
spite extensive efforts to explain the growth kinetics or to invoke the modeling of
neutral gas-based CVD, atomistic structure of related nanoassemblies, or a limited
number of plasma-related effects (ion/radical composition, surface heating, etc.).
This issue remains one of the major obstacles for deterministic plasma-aided syn-
thesis of CNFs and related nanostructures.

In this paper, we report a model of plasma-assisted growth of CNFs, which
involves two competing channels of carbon incorporation into stacked graphene
sheets: via diffusion on the surface and through the bulk of the catalyst particle.
This model accounts for a range of ion- and radical-assisted processes on the cat-
alyst surface that are unique to plasma environments yet are sidestepped by the
existing models of CNF/CNT growth [6-9]. It is found that at low surface tem-
peratures, Tg, the CNF growth is indeed controlled by the surface diffusion, which
quantifies the semiempirical conclusion of earlier experiments [10, 11]. On the other
hand, both the surface and bulk diffusion channels provide a comparable supply of
carbon atoms to the stacked graphene sheets at elevated synthesis temperatures. It
is also shown that at low Tj, insufficient for effective catalytic precursor decom-
position, the plasma ions play a key role in the production of carbon atoms on the
catalyst surface. Here, we also quantify the effect of the ion bombardment of the
catalyst surface and relate it to a remarkably lower CNF growth activation energy
in the plasma-based process, which has been a highly debated yet still has been an
intractable issue. The model enabled us to elucidate the predominant channels of
carbon incorporation into the stacked graphene sheets and to compute the deposi-
tion rates in the two extreme cases of thermal and plasma-enhanced CVD of CNFs.
More importantly, these results quantify and explain a number of observations and
semiempirical conclusions of earlier experiments [10—13].

10.2 Theoretical Model

Let us consider the plasma-assisted grown of a CNF with a metal catalyst particle
on top as shown in Fig. 10.1.

It is assumed that carbon atoms, the primary building units of the nanofibers, are
created on the flat and circular top surface of the particle via a number of elementary
processes (as sketched in Fig. 10.1) and then incorporated into the growing graphene
sheets (shown as stacked cones in Fig. 10.1) via surface or bulk diffusion. By doing
so, we calculate the CNF growth rate, H,, single out specific contributions of the
two competing diffusion processes (Hs and H,, for the surface and bulk diffusion,
respectively), and apply these rates to explain and quantify the relevant experimental
results [10-13].

The total CNF growth rate H, = Hg + H, can be split into two components

originating from the surface Hy = mcJ;/ (nrg,o) and bulk Hy, = mcJy/ (n rpzp)
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Fig. 10.1 Processes that are common for thermal CVD and PECVD (a) and the additional pro-
cesses on the catalyst surface that are accounted for in the PECVD (b). AD = adsorption of C;Hj;
DS = desorption of C,H, (activation energy E,cp); DIS = dissociation (8§ E;); EV = evaporation
(Eey); SD = surface diffusion (E;); INC = incorporation into a graphene sheet (8 Ej,.); BD =
bulk diffusion (Ey); ADH = adsorption of H; DSH = desorption of H (activation energy E.p);
LAP = loss of adsorbed particles at interaction with atomic hydrogen; IID = ion-induced disso-
ciation of CoH,; and ID = CZHT ion decomposition

diffusion, where Js and J, are the fluxes of carbon atoms to the graphene sheets
over the catalyst particle’s surface and bulk respectively. Here, r;, is the particle’s

radius, p ~ 2g/cm? is the CNF material density, and mc is the mass of a carbon
p

atom. The flux of C atoms through the catalyst bulk is J, = [ (nc Db/rpz) 2mrdr,
0

where nc is the surface density of carbon atoms, Dy, = Dy exp (—Ey/ kg Ts) is the
bulk diffusion coefficient with Dy a constant and E, ~ 1.6eV [10], and kg is the
Boltzmann’s constant. To calculate the surface diffusion flux

dl’lc

Jo=—-D— X 271y,

dr r=rp
we have assumed that diffusing carbon atoms are incorporated into the graphene
sheet at the border of the catalyst particle (r = rp), with the rate determined from
—Dgdnc/dr = knc, where Dg= Dgoexp(—E/kgT;) is the surface diffusion
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coefficient, Dy is a constant, E; is the energy barrier for carbon diffusion on the
catalyst surface, k = Ay exp (—8 Ejnc/ kg Ts) is the incorporation constant, and Ay is
the constant that depends on the carbon nanostructure size [14]. Here, 8 Ejy is the
barrier for C diffusion along the graphene—catalyst interface; it is ~0.4 eV for the
graphene—Ni interface [10].

To calculate the number density of carbon atoms, nc, we assume that the top
surface of the catalyst nanoparticle is subject to incoming fluxes of hydrocarbon
neutrals (here, CoH»), an etching gas (here, H) and hydrocarbon ions (here, Cij ).
The surface coverage by CoH», C, and H species is Ocy, Oc, and 8y, respectively.
Similar to the established CVD growth models of CNTs and related structures, our
model accounts for the adsorption and desorption of Co,H; and H as well as thermal
dissociation of C,H, on the catalyst surface (Fig. 10.1a). We also account for evapo-
ration of carbon atoms from the catalyst surface [15]. To describe the plasma-based
CNF growth, we also included the following processes on the catalyst surfaces,
unique to the plasma environments yet not accounted for in the existing models:
ion-induced dissociation of C,H>, interaction of all the adsorbed species with in-
coming hydrogen atoms, and dissociation of hydrocarbon ions (Fig. 10.1b). More
specifically, the model includes the following mass balance equations

Je + div (D gradne) — Oc = 0, (10.1)
QCH - GCHjiyd — NcHV €Xp (—SEi/kB TS) = 0, (102)

and
QOu + 2ncpv exp (—SEi/kBTq) =0, (10.3)

for C, C,H,, and H species on the catalyst surface, respectively. In (10.1), Jo =
2ncuvexp (—8E;/ kg Ts) +260cu ji ya + 2J; is the carbon source term describing gen-
eration of C on the catalyst due to thermal and ion-induced dissociation of C,H,,
and decomposition of CzH;' , respectively. The second term in (10.1) describes the
carbon loss due to surface diffusion. Likewise, Oc = ncvexp(—FEcy/ksTs) +
NcOadsju + neDy/ rg accounts for the carbon atom loss due to evaporation (with
the energy barrier E.,), interaction with atomic hydrogen from the plasma, and bulk
diffusion. In (10.2) and (10.3), Q4 = jo (1 — 6)—ngvexp (—Eu/ ks Ts)—ng0uds ju
and subscript o = (CH, H) stands for Co;H, and H species, respectively; nq = 6400
is the surface concentration of species a; vg ~ 1.3 X 10 cm™2 [16] is the
number of adsorption sites per unit area; and v ~ 10'3 Hz is the thermal vibra-
tional frequency. Furthermore, E,q is the desorption activation energy for species o,
Oads ~ 6.8 x 10710 ¢cm? is the cross-section for the reactions of atomic hydrogen
with adsorbed particles [16], and 6, = Ocy + Oy + 6c is the total surface coverage.
The first, second, and third terms in the expression for Q describe the adsorption,
desorption of species «, and interaction of the adsorbed species o with atomic hy-
drogen (with the incoming flux jy) from the plasma, respectively. The flux of the
impinging species is given by jo, = fiqUmna/4, Where iy and vy are the volume
density and thermal velocity, respectively. The second term in (10.2) accounts for
C,H; loss due to ion bombardment, where j; ~ nj\/kgT./m; is the ion flux, n;
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is the ion density in the plasma, T, (=1.5eV) is the electron temperature, m; is the
ion mass, yg ~ 2.49 x 1072 + 3.29 x 1072E; [16], and E; is the ion energy in
electron volts. Here, we have assumed that the C,H» loss due to ion-induced disso-
ciation is the same as that in the growth of diamond-like films [16]. The last terms
in (10.2) and (10.3) account for Co;H, loss and H generation as a result of thermal
dissociation of acetylene with the energy barrier § E;.

10.3 Results and Discussion

We now present and discuss the numerical results that follow from the aforemen-
tioned model. To elucidate the relative roles of the surface and bulk diffusion
channels under typical experimental conditions of CNF growth by CVD [12] and
PECVD [10, 11], we studied the dependence of H,, H, and H,, on the surface
temperature. Figure 10.2 (a) shows the comparison of the CNF growth rates com-
puted here [using 7icy = 5 X 10" em™3, ig = 10 %7y, E; = 500eV, n; =
3x10"%em™3, r, = 25nm, E,cy = 2.9¢V, Egy = 1.8eV, 8E; = 1.3eV, E =
0.3eV, and § Ejpc = 0.4 eV] and measured experimentally by Hofmann et al. [11].

It is seen that the calculated H; successfully reproduces the experimen-
tal trend in the CNF growth rate with slightly increasing deviations at low
(Br = 1,000K/ Ty > 1.9) and large substrate temperatures (St < 1.1). The most
striking observation is that the surface diffusion curve fits best to the experimental
curve in the broad range of temperatures (Bt > 0.9). The minor difference at low
Ts may be attributed to the heating of Ni catalyst particles by intense ion fluxes
from the plasma [17]. This confirms and quantifies the earlier conclusion [10] that
the CNF synthesis in the experiments of Hofmann et al. [11] may indeed be due to
surface diffusion of carbon atoms over the catalyst particle surface.
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Fig. 10.2 H,, H,, and H, as functions of the substrate temperature for PECVD (a) and CVD (b).
Triangles and circles correspond to experimental points that are taken from [11,12]
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More importantly, at low substrate temperatures the temperature dependence
of the CNF growth rate due to surface diffusion Hy ~ exp (—8E,./kgTs) appears
to be the same as that of the constant k of carbon incorporation into graphene sheets.
We thus conclude that the activation energy in PECVD is about the barrier for carbon
diffusion along the graphene—catalyst interface. Given that 8 Ej,. is only ~0.4eV
[10], this very low activation energy of the plasma-based growth of CNF in fact
explains higher growth rates in plasma-aided process compared with CVD [11].

Let us now consider the CVD case by letting jy = j; = 0. The dependencies
of H, H, and H, on fr, calculated for 7icy = 10'cm™3, r, = 30nm, 8Ejp. =
0.5eV, and the other parameters remaining the same as in Fig. 10.2a, are displayed
in Fig. 10.2b. From Fig. 10.2b, one notices that the computed total growth rate, H,
is indeed very close to the experimental results of Ducati et al. [12]. It is clearly
seen that at lower temperatures (8 > 1.2), surface diffusion controls the growth
(H; ~ Hy), whereas at higher temperatures (81 < 1.0), CNF growth is due to the
bulk diffusion (H; ~ H,). However, in the intermediate range 1.0 < fr < 1.2,
both growth channels make comparable contributions. Moreover, the asymptotic
analysis of the total growth rate, H,, suggests that the activation energy for the CNF
growth is approximately equal to the barrier § E; &~ 1.3 eV of thermal dissociation
of C,H, at relatively low (T, < 700 K) temperatures and is approximately equal
to E, ~ 1.6eV at high (7; > 1,000 K) temperatures. Therefore, our calculations
rigorously confirm that the energy barrier for the CNF growth in a plasma is indeed
several times lower than that in a CVD process.

We have also studied how the ion and atomic hydrogen fluxes from the plasma
affect the CNF growth rate H;. The growth rates, H,, as functions of 7 are presented
in Figs. 10.3a, b for different ion and hydrogen atom densities in the plasma. One
can see from Fig. 10.3a that at low substrate temperatures, the growth rate increases
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Fig. 10.3 Variation of H; with Ty for different densities of ions n; (a) and atomic hydrogen 71y
(b) in the plasma bulk. Curves 1, 2, and 3 in (a) correspond to n; = 10%, 10'°, and 10" cm™3,
respectively. Curves 1, 2 and 3 in (b) are for iy = ficy, 0.057ch, 5 X 10 *7cy, respectively,
where 7icy is the density of C,H, species in the plasma bulk. Here, iy = 10 31cy for (a) and
n; = 3 x 10! cm™3 for (b). Other parameters are the same as in Fig. 10.2a
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with ji. This increase is mostly due to the enhanced ion-induced dissociation of
C,H; on the catalyst nanoparticles. On the other hand, Fig. 10.3b suggests that H,
decreases with jy because of the larger loss of CoH, and C species in reactions with
impinging hydrogen atoms (Fig. 10.1b).

10.4 Conclusions

Thus, we have developed an advanced model of the plasma-assisted growth of car-
bon nanofibers. The model accounts for the diffusion of carbon on the catalyst
surface and through the metal catalyst particle, as well as carbon generation on
the catalyst due to ion bombardment. Using this model, we have found that at low
substrate temperatures, the CNF growth is mainly due to the surface diffusion of car-
bon atoms about the Ni catalyst surface. At relatively large substrate temperatures
(T > 800 K), both surface and bulk diffusion may be important in the CNF growth.
At low T, the generation and loss of C on the catalyst surface in a plasma-based
process is mainly due to ion and etching gas deposition on the catalyst. As a result,
in PECVD the dependence of the growth rate on 7y is the same as that of the car-
bon incorporation constant, which leads to a remarkably low (~0.3 eV) activation
energy for CNF growth. On the other hand, in the CVD process, the CNF growth
heavily relies on the thermal dissociation of hydrocarbons on the catalyst surface
and the bulk diffusion of carbon through the catalyst particle. The dissociation and
bulk diffusion activation energies are larger than the barrier for C diffusion along
the graphene—catalyst interface, and, as a result, the activation energy in PECVD is
smaller than in CVD.

Moreover, we have shown that ion-assisted dissociation of hydrocarbon neutrals
on the catalyst and decomposition of hydrocarbon ions upon their deposition onto
the surface may be the main processes that are responsible for carbon production
at low substrate temperatures. This is consistent with the experimental results of
Tanemura et al. [13] suggesting that carbon nanofibers do not grow when an ion-
repelling positive potential is applied to the substrate.

To conclude, we note that the results and the model of this paper can be used for
optimizing carbon nanofiber and nanotube synthesis and we can eventually bring it
to the as-yet-elusive deterministic level. More importantly, the main conclusions are
not restricted to CNTs or CNFs and may be relevant to the plasma-assisted catalyzed
growth of a broader range of nanoassemblies.
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Chapter 11
Single-Atom Transistors: Switching
an Electrical Current with Individual Atoms

Christian Obermair, Fangqing Xie, Robert Maul, Wolfgang Wenzel,
Gerd Schon, and Thomas Schimmel

Abstract Single-atom transistors are a novel approach opening intriguing
perspectives for quantum electronics and logics at room temperature. They are
based on the stable and reproducible operation of atomic-scale switches, which
allow us to open and close an electrical circuit by the controlled reconfiguration
of silver atoms within an atomic-scale junction. We demonstrate the operation of
such atomic quantum switches, and discuss in more detail the process during which
these switches are formed by repeated electrochemical deposition and dissolution.
Only after repeated deposition/dissolution cycles, a bistable contact is formed on
the atomic scale, which allows to switch between a configuration where the contact
is closed, the conducting state or “on”-state, and a configuration where the contact
is open, the nonconducting state or “off”’-state. The controlled fabrication of these
well-ordered atomic-scale metallic contacts is of great interest: it is expected that
the experimentally observed high percentage of point contacts with a conductance
at noninteger multiples of the conductance quantum Gy = 2¢2/h (~ 1/12.9kQ)
in conventional experiments with simple metals is correlated with defects result-
ing from the fabrication process. Our combined electrochemical deposition and
annealing method allows the controlled fabrication of point contacts with prese-
lectable integer quantum conductance. The resulting conductance measurements
on silver point contacts are compared with tight-binding-like conductance calcula-
tions of modeled idealized junction geometries between two silver crystals with a
predefined number of contact atoms.

11.1 Introduction

Due to their interesting physical properties and technological perspectives, atomic-
scale metallic point contacts are an object of intensive investigations by numerous
groups [1-23]. As the size of these constrictions is smaller than the scattering
length of the conduction electrons, transport through such contacts is ballistic and
as the width of the contacts is on the length scale of the electron wavelength, the
quantum nature of the electron is directly observable. The conductance is quan-
tized in multiples of 2¢2/ h, where e is the charge of an electron and / is Planck’s

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 113
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_11,
(© Springer-Verlag Berlin Heidelberg 2009
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constant. Experimentally, two different approaches are available for the fabrication
of these metallic quantum point contacts: mechanically controlled deformation of
thin metallic junctions [12—16] and electrochemical fabrication techniques [17-23].
In both the cases, conductance quantization was observed experimentally even at
room temperature.

As the contact in such junctions is ultimately formed by only one or a few indi-
vidual atoms, it has already been suggested that the controlled movement of the con-
tacting atom(s) could lead to a switch or a relay on the atomic scale. By moving only
one atom in and out of position, a quantized electrical current could be switched on
and off. Such a development would not only mean that the ultimate limit for the size
of a switch would be reached, but also would provide the basic functional unit for the
potential future field of quantum electronics. However, building such a device will
require reproducible control of the position of individual atoms within the quantum
point contact by means of a third electrode, the control electrode, or gate electrode.

In the past, first experiments demonstrating controlled switching of atomic po-
sitions were reported. Eigler et al. [24] showed the switching of the position of a
xenon atom between a scanning tunneling microscope (STM) tip and a nickel sam-
ple surface by applying voltage pulses between STM tip and sample. Fuchs and
Schimmel [25] demonstrated the switching of atomic positions in a solid surface at
room temperatures by applying voltage pulses with the tip of an STM. Another
approach was performed recently by Terabe et al. [10], who switched the con-
ductance across a small gap containing a solid electrolyte by voltage pulsing. In
these experiments, however, there was no way of controlling the conductance across
the atomic-scale junction by means of an independent third electrode, the control
electrode or “gate” electrode. Such an independent control electrode, however, is
necessary for the fabrication of transistors or relays on the atomic scale.

Recently, we could demonstrate the first implementation of a transistor on the
atomic scale [9,26]. The atomic-scale transistor can be reversibly switched be-
tween a quantized conducting on-state and an insulating off-state by applying a
control potential relative to a third, independent gate electrode. For this purpose, an
atomic-scale point contact is formed by electrochemical deposition of silver within
a nanoscale gap between two gold electrodes, which subsequently can be dissolved
and redeposited, thus allowing to open and close the gap. However, it turned out
that only after numerous such deposition/dissolution cycles, a contact is formed
which reproducibly opens and closes as a function of the voltage applied to the gate
electrode. Here, we demonstrate the effect of this electrochemical cycling process,
and we discuss the mechanisms of formation and operation of the atomic-scale
quantum transistor.

11.2 Experimental

The experimental set-up is shown in Fig. 11.1a. By applying an electrochemical
potential, silver was deposited within the gap between two macroscopic gold elec-
trodes (gap width typically of the order of 50nm). The gold electrodes (thickness
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Fig. 11.1 (a) Schematic diagram of the experimental setup. Within a narrow gap between two gold
electrodes on a glass substrate, a silver point contact is deposited electrochemically. (b) SEM image
of two electrochemically deposited silver crystals between which the atomic-scale silver contact
forms (deposition voltage: 30 mV). (¢) Conductance-vs.-time curves of three different silver point
contacts during initial electrochemical deposition. Before electrochemical annealing, contacts of
limited stability are formed, typically exhibiting conductance values which are noninteger multi-
ples of Gy (cf. [2])
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approx. 100 nm) were covered with an insulting polymer coating except for the im-
mediate contact area and served as electrochemical working electrodes. Two silver
wires (0.25mm in diameter and 99.9985% purity) served as counter and quasi-
reference electrodes. The potentials of the working electrodes with respect to the
quasi-reference and counter electrodes were set by a computer-controlled bipoten-
tiostat. The electrolyte consisted of 1 mM AgNO; + 0.1 M HNO3 in bidistilled
water. All experiments were performed at room temperature, the electrolyte be-
ing kept in ambient air. For conductance measurements, an additional voltage of
12.9mV was applied between the two gold electrodes. While one of the gold elec-
trodes was connected to the ground potential, the other gold electrode was kept at
—12.9mV relative to this ground potential.

When applying an electrochemical potential of 10-40 mV between the electro-
chemical reference electrode and the two gold electrodes (gold electrodes with
negative bias relative to the electrochemical reference electrode), silver crystals
formed on the two gold electrodes, two crystals finally meeting each other by
forming an atomic-scale contact (see Fig. 11.1b). During deposition, the conduc-
tance between the two gold electrodes was continuously measured. As soon as a
predefined conductance value was exceeded, the computer-controlled feedback im-
mediately stopped further deposition of silver on the working electrodes. If desired,
the deposited contact could be fully or partially electrochemically dissolved by ap-
plying an electrochemical potential of —15 to —40 mV.

Figure 11.1c gives conductance-vs.-time curves of the closing processes of three
different atomic-scale contacts during initial deposition, i.e., before electrochemical
annealing. In this way, initially, contacts of limited stability were formed, typically
exhibiting conductance values that are noninteger multiples of Gy.

11.3 Configuring a Bistable Atomic Switch by Repeated
Electrochemical Cycling

After the deposition of a silver point contact as described earlier, an electrochemi-
cal cycling process was started in order to configure an atomic-scale switch, which
allows reproducible bistable switching between an off-state and a well-defined quan-
tized on-state. As soon as an upper threshold (4.9Gy) near the desired conductance
value for the on-state (5.0G() was exceeded, the gate voltage was changed from
a voltage in the deposition regime (+4 mV) to a voltage in the dissolution regime
(=36 mV), the voltage being changed at a rate of 10 mV/s. As soon as the conduc-
tance dropped below a lower threshold of the source-drain conductance (0.1Gy), the
gate voltage was changed back to a voltage within the deposition regime (44 mV),
again at a rate of 10 mV/s. This deposition process was continued until conductance
exceeded the upper threshold of 4.9Gy. At this point, a new cycle consisting of
dissolution of the contact and subsequent deposition was started.

Figure 11.2b shows the conductance of the silver contact between the two gold
working electrodes in units of the conductance quantum Gy as a function of time
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during this cycling process. Figure 11.2a gives the corresponding voltage applied to
the gate electrode. As seen in Fig. 11.2b, during the first such dissolution/deposition
cycles of each freshly-formed contact, conductance values strongly vary from cycle
to cycle. In most cases, contact formation resulted in contact conductance values
exceeding 20Gy. When dissolving the contact, conductance immediately drops to
ZEero.

During some of the cycles, however, deposition leads to the formation of a con-
tact at a significantly lower conductance value. Yet, no reproducible response is
observed as a function of the applied gate voltage. Not only the conductance ob-
served by closing the gap, but also the time needed for forming and for dissolving
a contact varies from cycle to cycle. While contact conductance values near 5Gg
were observed several times, the behavior of the contact as a result of the applied
gate voltage was still erratic in the beginning.

Only after 290s from the beginning of the experiment (see black arrow in
Fig. 11.2b), a sudden transition from an erratic to a regular behavior of the contact
is observed. Beginning at this point, each of the following cycles of the gate volt-
age, as shown in Fig. 11.2a, results in a corresponding opening and closing of the
gap, as shown in Fig. 11.2b, the conductance after closing the gap always being
5Gy. A zoom-in into this sequence of regular switching events of Fig. 11.2bis given
in Fig. 11.2c. Note that each cycle of the gate voltage results in the corresponding
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switching of the conductance between the “source” and “drain” electrodes: The de-
vice now reproducibly operates as an atomic-scale transistor.

This sudden transition from an irregular opening and closing of the contact
to a bistable switching between zero and a well-defined quantized conductance
value was also regularly observed for other electrochemically deposited silver point
contacts, the on-state conductance commonly exhibiting values that were integer
multiples of the conductance quantum Gy.

The fact that quantized conductance is observed at values of a few conductance
quanta (e.g. 5Gy for the data shown earlier) means that the contact cross-section is
still on the atomic scale [27,28]. The observation that reversible switching is found
between two well-defined conductance values indicates that the contact switches be-
tween two well-defined configurations on the atomic scale. This could also explain
the observed sudden transition between irregular and regular behavior of the source-
drain conductance as a function of the gate voltage. As long as no atomic-scale
bistability is formed, each deposition cycle leads to the electrochemical deposition
of a new contact, different contacts having different conductance values. As soon as
a bistable contact configuration has formed, the variation of the applied gate voltage
could lead to a switching between the two contact configurations even before dis-
solution or redeposition of the contact happens. This switching does not necessarily
involve electrochemical deposition and dissolution, but could also be induced by
changes of local surface forces due to changes of the applied gate voltage: a vari-
ation of the gate voltage will lead to changes of the electrochemical double layer,
which, in turn, will change surface forces and surface tension [29, 30].

11.4 Preselectable Integer Quantum Conductance
of Electrochemically Fabricated Silver Point Contacts

In practice, most conductance measurements of point contacts, even for simple met-
als, yield noninteger multiples of the conductance quantum Gy. Such deviations
from the ideal behavior can stem from material-specific properties of the junction or
from defects that result from the fabrication process. As shown earlier, our combined
electrochemical deposition and annealing method for the fabrication of metallic
quantum point contacts yields nearly ideal integer multiples of G for the quantum
conductance and explains their properties in comparison with conductance calcula-
tions for selected, near crystalline junction geometries with a preselected number of
contact atoms.

Especially in experiments based on atomic-scale contact fabrication by mechan-
ical deformation (e.g. break junctions or STM setups [12, 15, 16]), there is very
limited control of the growth and properties of the atomic-scale contacts. In these
experiments, long-term stable and defect-free contacts with conductance at inte-
ger multiples of the conductance quantum Gy are difficult to realize in practice as
the fabrication process is essentially connected with the formation of atomic-scale
defects such as dislocations.
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To produce well-ordered contacts, a technique of nearly defect-free growth by
slow quasi-equilibrium deposition is required, which can be provided by electro-
chemical deposition methods [9, 17, 19, 20, 26]. Techniques of electrochemical
annealing provide the possibility of healing atomic-scale defects in contacts even
after fabrication (see the following section). Due to its high electrochemical ex-
change current density [31], silver is a promising candidate for efficiently applying
electrochemical annealing techniques.

Now we discuss the experimental results of the electrochemical annealing
method by electrochemical deposition/dissolution cycling of atomic-scale silver
contacts in more detail and compare the experimentally observed conductance with
the calculated conductance of modeled idealized junctions between two ideal single
crystals with a predefined number of contacting atoms.

In the experiments, dissolution/deposition cycles between predefined conduc-
tance values were performed [1,2]: Typically, after a number of cycles, a stable
contact was formed, which exhibited an integer conductance value, and the cycling
was stopped. Using this method, stable conductance levels at integer multiples of G
were configured. Examples of nGy (n = 1,2, 3, 4,5) are given in Fig. 11.3a. This
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Fig. 11.3 Comparison of experimental conductance data of electrochemically annealed silver
point contacts with calculations assuming idealized geometries. (a) Quantum conductance of
five different annealed atomic-scale contacts at 1Gy, 2Gy, 3Gy, 4Gy, 5G, respectively (with
1Gy = 2¢?/ h), which were reversibly opened and closed. (b) Idealized geometries of silver point
contacts with predefined numbers of contacting atoms. Conductance calculations performed within
a Landauer approach result in near-integer multiples of G for each of the five contact geometries
(#1-#5). For the conformations shown above, the axis of symmetry of the junction corresponds
to the crystallographic [111] direction. Reprinted with permission from [2]. (© 2008 American
Institute of Physics
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transition from instable contacts with noninteger conductance to stable contacts with
integer conductance values can be explained by an electrochemical annealing pro-
cess, which heals defects in the direct contact region by electrochemical deposition
and dissolution leading to an optimized contact configuration. After the electro-
chemical annealing process, most transitions appear to be instantaneous within the
time resolution of the diagram of Fig. 11.3a (50 ms), whereas at higher time reso-
lution (10 s), fingerprints of the atomic-scale reorganization of the contact were
observed in the form of both integer and noninteger instable transient levels.

In order to get insights into the possible structures of the measured point contacts,
we calculated the coherent conductance of ideal crystalline silver nanojunctions
(see Fig. 11.3b). Geometries were generated by assuming two fcc electrode clus-
ters, which are connected at their tips by a small number of Ag—Ag-bridgesin [111]
direction with a bond length of 2.88 A [32].

The zero-bias quantum conductance of a given junction geometry was computed
with the Landauer formula [33,34]. The electronic structure was described using
an extended Hiickel model [35,36] including s- , p- , and d-orbitals for each silver
atom (around 3,600 orbitals per junction). Consistently, material-specific surface
Green’s functions were computed using a decimation technique [34]. To reduce the
influence of interference effects, we averaged the conductance, G (E), over a small
interval [Er — A, Eg + A] around the Fermi energy (with A = 50 meV), which is
comparable to the temperature smearing in measurements at room-temperature.

As shown in Fig. 11.3b, we find nearly integer conductance of the idealized
geometries for contact geometries #1-#5 : 0.97Gy, 1.95Gy, 2.89Gy, 3.95G, and
4.91Gy respectively. The deviation from integer multiples of G of about 0.1Gy is
within the range of the accuracy of our numerical method. We observe a good cor-
relation between the number of silver atoms at the point of minimal cross section
and the number of conductance quanta, which aids in the construction of geometries
with a particular value of the conductance. However, this is a material-specific prop-
erty of silver not necessarily to be encountered in other materials.

Figure 11.4 shows the calculated transmission as a function of the electron energy
within the energy interval [Er — 6eV, Er + 6 ¢eV] for the five silver point contact
geometries (#1-#5) given in Fig. 11.3b. The experimentally relevant values corre-
spond to the conductance at the Fermi energy indicated by the vertical line in the
figure. For the given silver junction geometries we obtained Fermi energies between
—5.83 and —5.81 eV, which may be slightly below the correct value, caused by the
known energy underestimation of the extended Hiickel model [34]. The conduc-
tance curve oscillations are sensitive to the atomic positions. Therefore, an average
of the conductance around the Fermi energy yields a more representative value of
the conductance G, taking effectively into account the atomic vibrations during the
measurement.

In order to study to which extent the conductance values change due to
geometrical changes in the interatomic distance of the contacting atoms and the
relative angle between the contacting crystals, we introduced finite changes in con-
tact geometry: we calculated the electrode distance and twist-angle dependence of
the zero bias conductance. Increasing the electrode distance to twice the Ag—Ag
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Fig. 11.4 Calculations of the transmission as a function of the electron energy for the five dif-
ferent silver contacts (#1—#5) of Fig. 11.3b. The experimentally relevant values correspond to the
conductance at the Fermi energy indicated by the vertical line in the figure. Reprinted with permis-
sion from [2]. © 2008 American Institute of Physics

bond length leads to a decrease by 86.7% in the conductance, while twisting the
electrodes by 60° against each other leads to a decrease of conductance by 22.0%.

11.5 Summary

The results demonstrate that for silver as a representative of a simple s-type metal,
if defects and disorder in the contact area are avoided, the conductance in atomic-
scale point contacts is typically an integer multiple of the conductance quantum
Gy. The method of combined electrochemical deposition and electrochemical an-
nealing of point contacts has proved to be a very efficient technique to generate
such well-ordered contacts. On the other hand, if annealing is omitted, noninte-
ger multiples of the conductance quantum are observed, which can be attributed
to scattering due to defects and disorder within the contact area. These observa-
tions are confirmed by calculations on ideal model geometries of contacting silver
nanocrystals, which yield integer multiples of the conductance quantum within the
accuracy of the calculation in all the five cases investigated. As soon as disorder or
local distortions of the atomic lattice within the contact area are introduced in the
model geometry, drastic deviations from integer quantum conductance are obtained.
This, in turn, indicates that such kind of disorder is effectively avoided in our ex-
periments as a consequence of the electrochemical annealing approach. The results
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give an experimental proof of integer conductance quantization in annealed contact
geometries of simple metals. The reproducible fabrication process also opens per-
spectives for the controlled configuration of atomic-scale quantum devices.
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Chapter 12
Electronically Tunable Nanostructures: Metals
and Conducting Oxides

Subho Dasgupta, Robert Kruk, and Horst Hahn

Abstract Electric field-induced reversible tuning of physical properties, as opposed
to property modification via irreversible variation in microstructure of materials, is
discussed in this article. The foremost example of external field-controlled elec-
tronic transport of a material is the “field effect transistors (FET).” However, the
possibilities of tuning the macroscopic properties of materials with high charge
carrier density have not been studied extensively. Large free carrier concentration
in metals and high conducting oxides, however, can be of interest for specific
applications. Despite the fact that the screening lengths of metals are extremely
small, macroscopic property modulation can still be achieved via extremely small
nanostructures (with very high surface-to-volume ratio). Moreover, electrochemi-
cal gating offers high surface charge density. While selected examples of tunable
mechanical and magnetic properties of metals are cited, surface-charge-induced
variation in electronic transport of metals (for both nanoporous and planar geom-
etry) and high conducting transparent oxides are discussed in more detail.

12.1 Introduction

The tailoring of the mechanical, physical, and chemical properties of metals and al-
loys by modifying their microstructure is a well-known concept in material science.
Large changes in material properties were observed through alloying or intro-
ducing point (dopants, vacancies, and interstitials), line (dislocations) and planar
defects (grain and interphase boundaries). After the discovery of nanocrystalline and
highly disordered materials, such as metallic glasses, large defect concentrations
became a tool to tailor various physical properties, such as electrical, mechani-
cal, catalytic, magnetic etc. Although sufficiently novel properties and consistent
structure—property correlation were obtained, all of these property modulations via
microstructural modifications are not reversible. In contrast, the modification of
material properties by deviation from charge neutrality, e.g., by the application
of a surface charge by an external applied field can be reversible and dynamic.
High charge density per unit volume is the prerequisite to observe considerable
change in the material properties. Consequently, the high surface-to-volume ratio

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 125
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_12,
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of nanoparticles and nanoporous structures has been exploited. In conclusion, two
modes of property modifications can be distinguished: (1) Tailoring of the mi-
crostructure resulting in irreversible changes of properties and (2) Tuning of the
interfacial carrier density resulting in reversible changes of properties.

The mean field penetration, (§), of an externally applied field inside a conduct-
ing solid essentially depends on the free carrier concentration. For a semiconductor
with a carrier concentration of the order 10'®/cm?3, field penetration or screening
length can be as high as 100 nm (i.e. approx. 300 atomic layers) [1]. Consequently,
orders of magnitude higher carrier concentration compared with the doping level
or intrinsic carrier density is possible by externally applied field using a dielectric
(e.g., SiOy). This gives the working principle of normally-off junction field-effect
transistor (JFET). In contrast, in case of metals, the carrier concentration is more
than 1022 /cm3, which results in less than a monolayer screening length (0.25—
0.3nm for gold [2]). Therefore, the change in carrier concentration is negligible
with a dielectric gating. However, a measurable change in physical properties can
still be observed when a combination of a very high surface area of extremely small
nanostructures and electrochemical charging is employed. A large surface charge
density is possible with an electrolyte, as most metals possess a double layer capac-
itance, which is orders of magnitude higher than the maximum polarization possible
with dielectrics. To ensure an electrochemical field-effect and negligible chemical
doping (redox reaction at the interface), only the predominantly capacitive double
layer region of a metal—electrolyte combination is utilized. Therefore, in all exper-
iments, nonadsorbing supporting electrolytes are used. The electrical double layer
at the metal—electrolyte interface is mostly analogous to a simple plate capacitor.
Figure 12.1 shows the schematic of a capacitive double layer at a metal—electrolyte
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interface and several models are presented to explain the counter ion concentration
near the surface of contact.

Helmholtz model (1879): In this model, the double layer was mathematically
treated as a simple capacitor with an immobilized layer of counter ions at the sur-
face attached by electrostatic attraction, such that the surface charge is extremely
neutralized. Therefore, the Helmholtz model predicts that the electric potential falls
from its surface value to zero within the bulk solution over a thickness equal to the
thickness of the counter ions attached to the surface.

Gouy—Chapman Model (1910-1913): In this model, the random thermal motion
of the ions is considered, and therefore, if the counter ions are not chemically (or
physically) adsorbed at the electrode surface, they cannot be immobilized. There-
fore, it is suggested that the counter ions that neutralize the surface charge are spread
out into the solution, forming what is known as diffuse double layer. According to
this model, the surface potentially drops slowly to zero in the bulk solution over a
large distance within the solution.

Stern Model (1924): This model is a combination of Helmholtz and Gouy—
Chapman model. In this model, it is considered that there is indeed a layer of
ions of one type (counter ions) near the electrode surface (Helmholtz layer), but
the numbers are not enough to neutralize the charge. Hence the remainder of the
charge is neutralized by a diffuse layer (Gouy—Chapman layer) extending out into
the solution.

All these models essentially assume that

(a) Ions are effectively point charges

(b) The only significant interactions are Coulombic

(c) Electrical permittivity is constant throughout the double layer
(d) The solvent is uniform at the atomic scale

Besides the electrolytic charging, the other key to get significant change in macro-
scopic properties of metals or metallic conducting solids is the use of extremely
small nanostructures. An exceptionally large surface-to-volume ratio with the num-
ber of surface atoms comparable with the bulk can be achieved with interconnected
nanoparticle network or ultrathin films.

(a) Ultrathin films: The growth of continuous/percolating metal films is a chal-
lenge in itself. With the selection of the proper substrates (with a lattice
matching for certain growth direction for the metal under consideration) and/or
with a good choice of a buffer layer growth of percolating few nanometer thick
metal films have been achieved. For instance, 2—4 nm thick FePt or FePd films
on MgO substrate with Pt or Pd buffer layer have been reported in the literature
[3] (Fig. 12.2).

(b) Interconnected nanoparticles from compressed nanopowder synthesized by in-
ert gas condensation: Small particles of metals or alloys (with average particle
size of a few nanometers) can be prepared by inert gas condensation, ther-
mally evaporating the metal or the master alloy [4]. The agglomerates are
loosely compressed to form a nonporous disc, consisting of an interconnected
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Fig. 12.2 Schematic of the
charged surface of a thin

metal film inside electrolyte.

Each individual sphere
represents one atom

Fig. 12.3 Schematic of the
charged surface of a
nanoporous film/aggregate
inside electrolyte. Each
individual sphere represents
one nanoparticle
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nanoparticle network with nanometer-sized pores, which are easily accessible
by the electrolyte (Fig. 12.3).

(c) Nanoporous network of noble metal from de-alloying: De-alloying is a process

of selective leaching, which refers to the selective removal of electrochemi-
cally more active metal from a master alloy. Typical examples of de-alloying
could be dezincification (dissolving zinc from brass to get a porous copper
structure), decarburization (graphitic corrosion from gray cast iron), or cor-
roding silver out from a silver—gold alloy. The resultant nanoporous, spongy
network is normally composed almost entirely of the electrochemically more
noble metal. Although the physics behind the formation of nanopores is not
entirely clear [5], it has been observed experimentally that the ligament (made
of the nobler un-dissolved metal) and the pore size essentially depend on the
applied de-alloying potential [6,7].

As mentioned earlier in the manuscript, there are various physical properties that
can be tailored reversibly through a deviation from charge neutrality by an external

field.

(a) Mechanical property: Charge-induced reversible strain in the nanoporous
metal compacts as a function of electrochemical surface charge has been stud-
ied by Weissmiiller et al. [1, 8]. Piezoelectric response of the order of 0.1% or
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(b)

()

above was observed for nanoporous platinum when surface charge was applied
with an aqueous solution of KOH [8]. Although the electrocapilarity, i.e. strain
caused by an external voltage in an electrode due to electric double layer, has
been well known since the nineteenth century, this was the first demonstration
of a large strain in a pure metallic system. Later on, it has also been shown that
a large macroscopic bending of a bimetallic metal-nanoporous metal cantilever
of the order of several millimeters is possible with the same basic principle [9].
Magnetic property: Magnetization of 3-D transition metals arises from partly
filled d-band. It was proposed [1, 10] that an external field can reversibly tune
the d-band state of a ferro- or paramagnetic metal or alloy resulting in a change
in magnetization. Indeed a 1% variation in magnetic susceptibility is observed
for paramagnetic nanoporous Pd upon electrochemical charging [11]. Re-
cently, a charge-induced variation of coercivity and magnetic anisotropy was
reported for ultrathin Pt—Fe and Pd-Fe films [3]. This can be a more convinc-
ing proof of the change in d-band filling in a ferromagnet with respect to an
applied electric field.

Electrical Property: The most renowned and technologically important exam-
ple of controlled enhancement or depletion of the local charge carrier density
by an external applied field is the ‘junction field-effect transistor JFET)’. The
device principle is to modulate the current flowing through a semiconductor
by an external field applied by a gate and a dielectric. In case of an n-channel
JFET, an enhancement or a depletion of the channel conductance (current
through the semiconductor) is possible by a positive or negative gate bias
respectively. It might be possible in a similar way to vary the conductivity
of a pure metal or a near metallic system with higher local electric field at
the surface. To tune the conductance of a metallic system, large surface-to-
volume ratio of the nanostructures and an electrochemical gating was used.
A reversible change in resistance of +4% of a nanoporous compact of Pt
nanoparticles with an aqueous electrolytic gating was reported recently [12].

The major advantage of using electrochemical charging to gate highly conducting,
unconventional systems lies in the fact that

(a)

(b)

an electrolyte can apply very high surface charge with a local field in excess
of 10MV/cm?, up to two orders of magnitude higher than any existing gate
dielectrics.

For a nanoporous structure with interconnected nanoparticles, the use of elec-
trochemical gating is even more beneficial as an electrolyte can interpenetrate
the nanopores of the porous compact to surround all the nanoparticles from all
sides. Therefore, each particle experiences the external field and surface charge
from all sides as opposed to a dielectric gating where the field is applied only
from one side and the particles far from the gate oxide interface hardly sense
the applied field.
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12.2 Tunable Change in Electronic Transport of a Metal

12.2.1 Nanoporous Gold Electrode from De-alloying

De-alloying of the polycrystalline master alloy of composition Aug.25Ag, 75 Was
performed in 1M perchloric acid with a de-alloying potential of 0.75V with
respect to Ag/AgCl reference electrode. The as-prepared de-alloyed nanoporous
gold (NPG) sample shows a very small ligament size of less than 5nm, which
undergoes considerable coarsening when immersed into a nonaqueous electrolyte
(LiClOy4 in ethyl acetate) to measure the charge-induced modulation of conductivity.

The initial coarsening process was monitored by the decrease of resistance of
the NPG sample. During the coarsening process, a decrease in resistance more
than five times was observed. After the coarsening and the corresponding resistance
change stopped to alter with time, the potential of the NPG was varied between
—0.4 and 0.5V with respect to Ag/AgCl reference electrode with a step size of
0.1 V. At the same time, a constant current of 1 mA was passed through the sample
and the potential drop was measured. A reversible change in resistance of 6% with
respect to the applied surface charge was obtained [13]. Due to the complicated
microstructure with very small ligament sizes, the accurate measurement of the
surface area and hence the surface charge density was not possible. However, the
knowledge of the surface charge density is the prerequisite to have a quantitative
model toward the understanding of the observed phenomena. To have a better con-
trol over the geometrical conditions, the planar geometry of thin films is ideal.
Therefore, to understand the effect of different contributions like change in car-
rier concentration and/or a change in surface scattering, on the observed variation in
resistance similar measurements were carried out with ultrathin gold film electrodes.

12.2.2 Variation in Resistance in Thin Gold Film Electrode

The change in resistance of the nanostructured metals with respect to an applied field
is believed to be due to a change in carrier concentration and hence a linear variation
of resistance with the surface charge is expected. Furthermore, in the earlier studies
[12, 14, 15], the surface charge-induced change in resistance has been explained in
light of the Drude model assuming that the resistance change is only due to the
change in carrier concentration upon charging.

The free-electron gas model (Drude model) [16]:

(12.1)

Hence,
_— = —— (12.2)
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Fig. 12.4 Schematic representation of the experimental setup used for the charge-induced resis-
tance modulation measurements of thin gold films

where o is the conductivity; n, number of free-carriers (electrons); 7, relaxation
time; R, resistance; and e and m are the charge and mass of the electron respectively.
However, we have observed that in case of nanoparticulate systems the accurate
estimation of surface area is highly challenging, which often in turn results in an
overestimation of surface charge density. Therefore, careful measurements were
carried out with thin gold films having a thickness of several nanometer (7, 9.3,
11.6 nm calculated from X-ray reflectometry). Figure 12.4 shows the experimental
setup. The gold film was sputtered through a shadow mask to achieve an appro-
priate Van der Pauw geometry. A liquid electrolyte of 0.1 M NaClOy4 in propylene
carbonate is used. An adsorption-free potential window is selected through ultraslow
cyclovoltammogram (with a scan rate of 5 x 107 V/s). The potential of the gold
film was varied between +0.25 and —0.25 V with respect to a Pt pseudo-reference
electrode. At the same time, a constant current of 1 mA was passed through the gold
film and the potential drop was recorded. The resistance measurement was done by
the Van der Pauw method and noticeably a higher effect size was obtained compared
with the expectations from change in free-carrier density (change in free-carrier den-
sity can be calculated by integrating the charging current, AC = e An).

Therefore, a new model was proposed [17] to explain the observed phenomenon
with the following conditions:

(a) The electron density profile of a charged metal surface shifts toward or away
from the metal—electrolyte interface with respect to a positive/negative surface
charge respectively [18]. This shift in the center of mass of the electron density
profile can be viewed as a change of the effective thickness of the film.
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(b) A change in scattering cross-section is expected due to this change in effective
thickness according to the Fuchs—Sondheimer model [19,20].

A self-consistent calculation of the shift in electron density profile for a strongly
charged metal surface is given by Gies and Gerhardts [18]. Suitable values of
the specularity parameter (p = 0.5) and the grain boundary reflection coefficient
(R = 0.85) for gold thin films were taken from the literature [21,22]. The selected
values seem to be appropriate, when cross-checked with the experimental results.
The experimentally obtained change in resistivity values for different film thickness
matches well with the change expected from grain and surface scattering calculated
using Mathiessen’s rule [21].
Therefore, combining both of the contributions mentioned earlier, we get,

ARs dp At At
e e (12.3)
RS Jt P t

where Rg is the sheet resistance; p, the resistivity; ¢, the film thickness; and Af is
the effective change in film thickness (shift of the center of mass of the electron den-
sity profile). In Fig. 12.5, the experimentally obtained relative change in resistance
(ARs/Rs) is plotted with the theoretically calculated ones.
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The calculated curves (wine and red) are computed using (12.3) with the values
of the shift of density profile A¢, taken from the work of Theophilou and Modinos
[23] and Gies and Gerhardts [18] respectively.

It can be noted here, that the shifts of electron density profile toward or away
from the metal surface are not of the same magnitude when the same surface charge
of the opposite sign is applied. The inward movement of the center of mass for a
positively charged surface experiences a repulsive force outwards due to the large
electron mass inside the metal, whereas the absence of this repulsive force for a neg-
atively charged surface results in an easy spreading of the electron density profile.
Therefore, a different response of the sheet resistance can be expected for differ-
ent signs of the surface charge. Consequently, it can be concluded that a nominal
nonlinear response of the resistance of a metal with respect to an electrochemically
applied surface charge does not necessarily indicate an onset of a redox reaction.

12.3 Reversible Change in Electronic Transport in a High
Conducting Transparent Oxide Nanoparticulate Thin Film

Indium tin oxide (ITO) is a degenerated semiconductor with a carrier concentra-
tion as high as 102! /cm3 and conductivity as low as 107>/ Q cm. In this study, a
dispersion of 5 at.% Sn-doped indium oxide nanoparticles with an average particle
size of 15nm is used. ITO is a stable oxide and therefore shows considerable
large adsorption-free electrochemical window when immersed into a nonadsorbing
electrolyte.

The sample geometry is shown in Fig. 12.6. The contact leads are made of
310nm thick ITO films (dark in Fig.12.6) on a glass (bright in Fig. 12.6) sub-
strate. The device fabrication starts with a 310nm thick sputtered ITO film on
high quality float glass. The leads are prepared using e-beam lithography on spin-
coated PMMA and ion etching. Subsequently, a second lithography step to create a
8 x 2 um? window for spin coating of the ITO nanoparticles dispersion (Evonik
Degussa GmbH) follows. After the spin coating of the nanoparticle dispersion,
a low-temperature (185°C) annealing for 1h, prior to the PMMA layer lift-off

Fig. 12.6 Optical image of
the device showing the
source, drain made of
sputtered ITO film and the
channel made of ITO
nanoparticles
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with acetone, is performed. The whole structure is then annealed in air for 2h at
500°C to eliminate the organic surfactants from the ITO surfaces. No significant
particle growth is observed to occur during the annealing in air, which has also been
observed by other authors for ITO nanoparticles [24,25].

An electrolyte consisting of 0.1 M NaClOy4 in propylene carbonate is used. High
surface area (> 1000 m2/ g) activated carbon cloth (kynol) is used as a counter and
a pure (99.99%, Chempur) platinum wire is used as a pseudo-reference electrode.

All the measurements are carried out at room temperature. The cyclovoltametry
was performed with a glass substrate entirely spin coated with ITO nanoparticles to
determine the potential window with negligible adsorption. Figure 12.7a shows the
cyclovoltammogram with a scan rate of 5 x 107#V/s. The accumulated charge is
determined by integrating the charging current. The identical potential window with
the same scan rate is used during the measurement of the resistance change of the
ITO nanoparticle device. A constant current of 0.1 WA is applied and the potential
drop across two terminals is measured. More than two orders of magnitude change
in resistance (on/off = 3.25 x 10?) is observed when the potential of the working
electrode is varied between —0.25 and 0.85 V (V, = —0.85 t0 0.25 V) (Fig. 12.7b).

At the negative potential of the working electrode (positive gate potential), pos-
itive ions (i.e. Na™ ions) come close to the surface of the ITO nanoparticles. As a
result, the electron charge redistribution in the ITO particles occurs and electrons are
attracted toward the surface to build the charge double layer. Therefore, a negative
electrode potential (positive gate potential) increases the carrier (electron) density
of the ITO nanoparticles resulting in a decrease of the resistance of the channel. In
case of a positive electrode potential (negative gate), negative ions (i.e. Cl1O4 ™) form
the charge double layer, which repels the electrons away from the metal—electrolyte
interface. Accordingly, the electron density of the channel decreases with a corre-
sponding increase of the resistance.

Therefore, the positive or negative ions of the charge double layer at the solid—
electrolyte interface work as a gate and the channel gets narrower and broader with
the negative and positive gate voltage, respectively, making the device analogous
to a normally-on junction field-effect transistor (JFET). Figure 12.7¢ shows the re-
sponse of the device with a potential pulse of 0.25 and —0.85 V applied after 180s.
The resistance of the channel is measured with 25 ms time intervals. Figure 12.8
shows the drain current—drain voltage characteristic of the device. The gate voltage
is varied between 0.2 and —0.8 V, while the drain voltage is varied between 5 mV
and a maximum 980 mV.

Figure 12.9 shows the drain and source current for the 20-10 mV drain volt-
age, which shows that the leakage current is more than two orders of magnitude
lower than the drain/source current for all the gate and drain voltage combina-
tions. Another important device performance that leads to a low power operation
is the subthreshold swing (). A small subthreshold swing is favored for switching
transistors, while the theoretical limit is 60 mV/decade. The subthreshold swing ob-
served for the present device is 415 mV/decade.This type of system could represent
a valuable contribution to the printable/flexible electronics community, particu-
larly for the growing number of researchers who are switching their efforts in
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Fig. 12.7 (a) Cyclovoltammogram of dispersed ITO nanoparticles. (b) Change in resistance of the
ITO channel when the gate voltage is varied with a constant rate of 5 X 10~4V/s. (¢) Change in the
channel resistance in response of potential pulses between the gate and channel applied after 180's

this area away from traditional, heavily explored organics to new classes of ma-
terials, including nanostructured inorganics. An all-solid-state device based on
the same basic principle, prepared using a polymeric solid electrolyte, can be
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appropriate for the engineering developments toward easy-to-fabricate and printable
macroelectronics [26].

12.4 Summary

Reversible tuning of physical properties of nanostructures with respect to exter-
nally applied electric field is discussed. Very high surface charge density is achieved
through electrochemical double layer charging. Despite the high free-carrier density
and extremely low mean field penetration, a change in resistance of a few percent-
ages (6%) was measured for nanoporous gold film. A new and complete explanation
of the phenomenon is proposed based on the experimental result on thin gold films.
It is shown that several orders of magnitude higher effect size is possible when
the nanostructured pure metal is replaced by a nanoporous conducting oxide. The
larger screening length of a conducting oxide, such as ITO, as a result of two orders
of magnitude lower electron density, results in an effect size in the range required
for potential applications.
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Chapter 13

Impedance Spectroscopy as a Powerful Tool

for Better Understanding and Controlling

the Pore Growth Mechanism in Semiconductors

A. Cojocaru, E. Foca, J. Carstensen, M. Leisner, .M. Tiginyanu, and H. Foll

Abstract This work shows new results toward a better understanding of macropore
growth in semiconductors by using in situ FFT impedance spectroscopy. A new
interpretation of the voltage impedance is proposed. In particular, the pore quality
could be quantified for the first time in situ, especially by extracting the valence
of the electrochemical process. The study paves the way toward an automatized
etching system where the pore etching parameters are adjusted in situ during the
pore etching process.

13.1 Introduction

The electrochemical pore formation in Si is a topic [1] with many potential
applications, and much progress was made toward the development of production
technologies [2] and many product prototypes were advanced (see [3] and ref-
erences therein). Despite all of this work, no product based on porous Si can be
found on the market at present. Among the main reasons for this is the still-not-
fully-understood mechanism of pore formation, or more generally, the many open
questions in the field of electrochemistry of semiconductors. As an example, many
envisioned applications demand precise control of the pore quality (e.g. diameter
variations, pore wall roughness) and the present understanding of pore formation
mechanisms, although rather advanced in some respects, does not ensure full con-
trol of the etching process as would be needed.

In this work, we show how impedance spectroscopy can be used for the purpose
of controlling the macropore growth in n-type Si. In particular, it is shown how one
can extract the dissolution valence at the pore tips from the measured impedance.
This number is used as a quantification of the pore quality. Determining this num-
ber in situ can pave the way toward the implementation of an automatized etching
system.

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 139
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_13,
(© Springer-Verlag Berlin Heidelberg 2009
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13.2 Experimental

n-Type Si wafers with low doping levels corresponding to a resistivity of 5 € cm
are used for etching macropores. The substrate orientation is (100) with an n™ layer
on the backside of the wafer for a good ohmic contact to the sample. The etching
is done using backside illumination (BSI) [4]. The samples were prestructured by
standard photolithography before etching; the nucleation pattern was a hexagonal
lattice with a lattice constant of a = 4.2 um. The electrolyte consisted of 5 wt.%
HF in an aqueous electrolyte. The temperature of the electrolyte was fixed at 20°C.
The FFT impedance spectrometer embedded within the etching system provided
by the ET&TE GmbH, Germany was used to extract information concerning pore
growth during the etching process.

13.3 Results and Discussion

For voltage impedance, a small perturbation signal is applied to the anodization volt-
age and the response in the etching current is measured. Figure 13.1a shows the /-1
curve of n-type Si in contact with HF under BSI. One can easily see that a change in
the voltage causes a variation in the current. Since during the macropore etching the
etching voltage must be in the saturation regime of the /—V curve [2], the linearity
condition is fully fulfilled. However, another problem can be seen, i.e., being in the
saturation regime, any perturbation in the voltage generates a minute variation of the
current. In order to separate the measured signal from noise, strong requirements are
imposed to the measuring hardware as well as to the data processing software.
Figure 13.1b shows a typical Nyquist plot of the measured impedance. The
squares indicate the measured data. The data are fitted using the following model:

a b
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o
R - g S S 200
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Classical i
Impedance —200 " m u
= —-400 T T T T
Input AU U, u 400 600 800 1000
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Fig. 13.1 (a) The /V curve of the n-type Si/HF interface with BSI. (b) The Nyquist plot of the
measured voltage impedance together with the fitting curve
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Z (w) = Ry + (13.1)

iwt 1 .
((Rp+ARp)(1+im) + Rp1(1+iw,)) +iwC,

where R is the serial resistance accounting for the voltage losses at the contacts and
electrolyte, R, and AR, are the chemical transfer resistances, which in our model
are frequency dependent, 7 is a time constant, and C,, is the parallel capacitance
describing the capacitive nature of the reaction interface. A full derivation of this
model can be found elsewhere [5]. The solid fitting curve in Fig. 13.1b shows a very
good match between the fit model and the measured impedance.

Generally, interpreting the impedance data for macropore formation under BSI
for all kinds of etching conditions is nearly impossible, since a lot of electrochemical
dissolution processes can occur in parallel, e.g. the (desired) photoinduced dissolu-
tion of Si at the pore tips, the (undesired) dissolution of Si at the pore walls by
electrical breakthrough current, or the formation of side pores. Therefore, the volt-
age impedance can look much more complicated than for the formation of “nice”
macropores as described in this paper.

While the capacitive behavior of the measured impedance during macrop-
ore formation could be well described by other authors [6], most challenging is
the measured “inductive” loop. As mentioned earlier, R, and AR, which repre-
sent the intersection points of the inductive loop with the abscissa axis, are related
to the chemical processes that take place at the reaction interface. Under the optimal
pore growth conditions this is solely represented by the pore tip, the main reactions
at the pore tip, involving charge transfer, represent the Si dissolution. We claim
that the R, and AR, represent the dissolution reactions, which are slow, i.e., R,
for w — 0, and fast, i.e., R, + AR, for o > 0, respectively. Hence, the parallel
resistance is determined by two processes with different reaction rates: fast and
slow. We assign this to the two well-known and accepted main reactions for the
dissolution of Si: divalent (fast, the direct process of Si dissolution) and tetravalent
(slow, purely chemical dissolution of the oxide in order to dissolve Si).

Without going to much into details, here (more can be found in [5]), the measured
R, and AR, can be used to calculate a quantity n, which describes very well the
quality of the obtained macropores. It is defined as:

_ 4
n= —2_ AR, (13.2)
R,¥AR,

Analyzing the time behavior of n, we concluded that it represents the dissolution
valence at the pore tip. By using the voltage impedance, this magnitude can be
measured in situ. It is important to mention that the dissolution valence was earlier
measured via gravimetry and a value of 2.7 was found [7]. As it will be further
shown, the measured values in this work fit very well with these numbers.

Figures 13.2a, b show two types of pores etched under nonoptimized conditions:
in (a) macropores are etched with a small diameter such that the pore walls are fully
conductive, i.e., the photogenerated holes can penetrate the pore interspacing and be
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Fig. 13.2 SEM cross section of macropores etched under unoptimized conditions leading to (a)
too large interspacing between the pores or (b) an extremely large diameter and star- or petal-like
shape of the macropores. (¢) The measured dissolution valence for both cases

consumed in electrochemical reactions at the pore walls; in (b) pores are shown that
were etched with a very large diameter such that the pore walls are insulating; later,
however, the anodization voltage is increased such that the pores become star or
petal-shaped with features that, due to their sharp geometries, advantage the current
flow.

Figure 13.2¢ shows the calculated dissolution valence from the measured
impedance data. Striking is the value of 3, which for the case of small diameter
pores is hardly reached, while the large-diameter pores reach this value relatively
fast. However, after almost 200 min, the curve decreased again.

The maximum value of the valence can be 3 if the electrochemical reactions
would take place exclusively at the pore tip, or it reduces to 2 if n-type Si is etched
in the dark [2]. Since the measured valence is an average describing the dissolu-
tion at the pore tip as and the (unwanted, but unavoidable) dissolution at the pore
walls, it becomes obvious why the values in Fig. 13.2¢ are situated between 2 and 3.
Obviously, the small diameter pores, where the holes penetrate easily between the
pores and thus increase the leakage current, exhibit an average valence well below 3,
which is caused by the strong component of the divalent dissolution. In contrast,
when large-diameter pores are etched, due to completely insulating pore walls, the
measured valence reached 3 very fast, however decreasing toward 2 once the volt-
age is too high and the macropores become star or petal-shaped, hence increasing
the leakage current via the pore walls, i.e., the divalent dissolution.

For etching homogeneous macropores the leakage current, i.e., the divalent dis-
solution of the pore walls might be very small. Measuring the dissolution valence
in situ might help to assess the moment when leakage current gets large and eventu-
ally to try to avoid it by readjusting the etching parameters. Fig. 13.3 shows such an
example. The SEM picture in Fig. 13.3a shows the cross section through a porous
structure that at the first glance seems to be etched perfectly. However, a closer in-
spection reveals that there are regions on the sample of badly grown macropores, in
particular, where the diameter is not constant and also the lattice is destroyed. The
measured valence, according to Fig. 13.3b, shows a fast increase to 3, indicating a
good start of the etching. After 300 min, the dissolution valence starts to decrease
toward 2, indicating that the leakage current through the walls becomes dominant



13 Impedance Spectroscopy 143

b
Start of the
31 inhomogeneous
304 - oo ulC o NST etching
29
=28 '
27 :
26 2 :
25 : .
100 200 300 400 S00
Tirne [min]
d
33
30
=
27
Anodization voltage:
24 =04V
40 80 120 160

Time [min]

Fig. 13.3 (a) SEM image in cross section which shows good and bad macropores on the same
sample. (b) The extracted dissolution valence for the structure in (a). (¢) SEM picture of the sample
in cross section where the pore growth did function well and (d) the extracted dissolution valence
from the impedance data

and the porous structure is compromised. Figure 13.3c illustrates an SEM picture
in cross-section through a sample that was etched perfectly. The very homogenous
macropores and good pore quality can easily be observed. The valence reaches a
value of 3 very fast where it remains for longer time.

Without impedance analyses during the pore etching, the only way to check
whether the pores grow perfectly is the analysis at the illumination intensity as a
function of time. For the sample shown in Fig. 13.3a, the illumination intensity gave
signs for problems in the macropores etching only after 400 min. By means of the
impedance, however, already at the 250 min, it could be observed that the etching
process is not under optimized condition. Having the valence as a quality moni-
tor tool allows at an early stage the readjustment of the etching parameters, which
could easily save the etched structure. After 400 min, no parameter adapting allows
to reestablish the normal etching process and the porous structure is considerably
destroyed. Hence, the voltage impedance becomes a very powerful tool that can be
effectively used in order to control in situ the etching process.

13.4 Conclusions

The data extracted from the voltage impedance allow to estimate the dissolution
valence at the pore tip at any instant of time. This is for the first time that such pre-
cise information about the development of the pore tip state could be obtained. By
comparing the valence with the quality of the pores, it could be concluded that the



144 A. Cojocaru et al.

optimum pore growth takes place at a valence of n ~ 3. This justifies the assumption
that the pores advance while producing, and ulterior dissolving, oxide at the pore
tips. As a next step, a special model is to be developed for the purpose of explaining
the growth mechanism of the macropores under optimized conditions.
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Chapter 14
Studying Functional Electrode Structures
with Combined Scanning Probe Techniques

P. Dupeyrat, M. Miiller, R. Groger, Th. Koch, C. EBmann, M. Barczewski,
and Th. Schimmel

Abstract In this article, the study of the active electrode surfaces of a special type
of fuel cells, solid oxide fuel cells (SOFCs), is described. The high conversion effi-
ciency of this type of fuel cells is connected with a high working temperature, which
makes the material selection difficult and causes thermal degradation processes,
limiting the life time of the cells. We investigated the topography, conductivity
phenomena, and chemical composition of such electrode surfaces in the nanoscale
regime with several atomic force microscopy (AFM)-based techniques. Of particu-
lar interest was the grain size distribution of the surfaces in order to optimize their
production process. The results of the AFM experiments were compared with those
obtained by XRD measurements. The AFM achieved grain height data inaccessi-
ble by SEM. Nanoscale material contrast was obtained by applying the technique
of Chemical Contrast Imaging (CCI) developed in our group. These measurements
indicated possible phase separations in the electrode surfaces. The local electronic
conductivity and differences between crystallites and grain boundaries were stud-
ied by Conductive AFM (C-AFM) and Electrostatic Force Microscopy (EFM). The
theory, implementation and testing of this method and the results are discussed.

14.1 Introduction

Fuel cells are regarded as a high-potential alternative or replacement for con-
ventional electrical generators. A special type of fuel cells with high conversion
efficiency are solid oxide fuels cells (SOFCs). However, their high conversion
efficiency is connected with a high working temperature in the range of about
700-1,000°C, which is needed to achieve a sufficiently high ionic conductivity
and low electrode resistance. The high working temperature leads to difficulties re-
garding the material selection, to thermal degradation processes, and a complicated
thermal management. All of this limits the long-term life time of SOFCs.

One of the key issues in further developing the SOFCs is the control and op-
timization of the electrode properties. Especially electrode materials with ionic
and mixed ionic—electronic conductors (MIEC) are of interest. The increased ionic
and electronic conductivity of nanostructured MIEC electrodes could allow lower
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operating temperatures leading to improved long-term stability, faster start-up times,
and less complicated thermal management.

Apart from the choice and development of suitable electrode materials, the in-
troduction of a nanostructured, polycrystalline interface layer between the cathode
and the electrolyte could potentially improve the performance of SOFCs [1, 2].
Such interface layers can be produced, e.g., by metal organic deposition (MOD),
which is a simple, inexpensive, and easily implementable coating method. The ex-
ploration of the structure and conductivity of the MOD layers are crucial issues
for the improvement of electrode materials. That is due to the expectation that
nanostructured cathodes will have a substantially increased ionic conductivity by
accelerated oxygen diffusion at lower temperatures, because of their high density of
grain boundaries [3].

This work was therefore aimed at the nanoscale investigation of the topogra-
phy and nanoscale mapping of chemically different surface areas and conductivity
phenomena with atomic force microscopy (AFM)-based techniques. Several AFM
techniques — only one available in our group — have been used for the detection of
the following material properties:

1. The topography — particularly the grain sizes and heights — of the MOD layers
by AFM in order to be able to optimize their roughness and grain sizes.

2. Nanoscale material contrast on MOD surfaces by applying the technique of
chemical contrast imaging (CCI) developed in our group [4-7].

3. The detection of the local electronic conductivity and properties on MOD sur-
faces and differences between crystallites and grain boundaries by electrostatic
force microscopy (EFM) and conducting-AFM (C-AFM).

With topography measurements on 8YSZ-MOD layers (YSZ, yttria stabilized zir-
conia) prepared with different annealing temperatures, a strong correlation between
the grain size distribution and annealing temperature could be observed. The sur-
faces of the MOD layers are found to be homogeneous. The results correspond well
to those achieved by XRD. Furthermore, the AFM measurements resulted in grain
height data inaccessible by SEM measurements (Tables 14.1 and 14.2).

Indications of a phase separation in the LSC50-MOD layers have been observed
in another work. Measurements with CCI can show material contrast if the different
phases lead to a different tribological interaction between the AFM tip and surface.
Our measurements with CCI did show possible indications of phase separations in
the LSC50-MOD layers in the range of the grain size.

Table 14.1 Average values for grain size and grain height of 8YSZ-MOD layers
(MOD 39-MOD 43) for different temperature treatments

Temperature (°C)  Grain size (NM)  OGrain Size (vm)  Height (nm)  Opejgne (NM)

500 <8 - <2 -
1,000 48 15 15 9
1,250 530 120 45 15
1,350 710 130 65 20

1,400 1,105 210 56 15
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Table 14.2 Average values

i vaie Temperature (°C)  Grain size (nm)  Height (nm)
for grain size and grain height

of 8YSZ-MOD layers (MOD 500 Amorph. -

55-MOD 62) for different 650 Amorph. -

temperature treatments 850 28 17
1,250 330 85
1,350 560 103
1,400 690 121
1,700 Inhomog. -

Below 650°C and at 1,700°C annealing temperature no
grains could be observed. Higher annealing tempera-
tures result in increasing grain sizes. At 1,700°C no
grains could be observed but an inhomogeneous surface
morphology instead

14.2 AFM Characterization and Grain Size Analysis

The investigated nanocrystalline layers were made of yttria-stabilized zirconia
(YSZ), in this case zirconium oxide ZrO, doped with 8 mol% yttrium oxide Y,O3
(8YSZ). The layers were produced on a substrate of sapphire and 8YSZ, at tempera-
tures between 500 and 1,700°C. The analysis of the topography, shown in Fig. 14.1,
was made with the AFM in contact mode and shows the grain size dependence of
the temperature of the last production step.

The grain size distribution of the different samples was analyzed manually and
automatically by software. The results were compared with XRD measurements
(Fig. 14.2), which were made by the Institute of Materials for Electrical Engineering
(IWE). The analysis of the AFM data was reliable for grain sizes above 20 nm,
but became somewhat inaccurate below. This is due to tip convolution artifacts,
because in this range the grain diameter is of the same order as the tip radius. For
smaller grain sizes, the AFM analysis yields slightly higher values, whereas for
bigger diameters the AFM and XRD data coincide.

In summary, a strong correlation between grain size distribution and annealing
temperature could be observed. The higher the temperature, the bigger the grains.
This is in good correspondence with the results achieved with XRD. Additionally,
the height of the grains could be measured.

14.3 Chemical Contrast Imaging

In order to differentiate chemical inhomogeneities at sample surfaces on the
nanometer scale, the method of CCI as a new dynamic AFM mode for the measure-
ment of friction forces between the AFM tip and a sample surface was developed
in our workgroup and was patented in 2006 [4]. The new method was employed to
study the chemical homogeneity of the LSC50-MOD layers, and the mode was also
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Fig. 14.1 (a) Topography analysis of 8YSZ-MOD layers produced at various temperatures: left
1,400°C, middle 1,000°C, right 650°C. Scan size 5 X 5 jum?. (b) Topography analysis of 8YSZ-
MOD layers produced at various temperatures: left 1,400°C, middle 1,000°C, right 650°C. Scan
size 1 X lum?
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Fig. 14.2 Grain size analysis: Black curve: XRD measurements by the Institute of Materials for
Electrical Engineering (IWE). Red curve: manual analysis; blue curve: automatic analysis of AFM
images. The grain size of the 8YSZ-MOD layers depends on the temperature of the last annealing
step of the production process. The higher the temperature, the bigger the grains become, from
7nm at 500°C up to 1,050 nm at 1,400°C
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methodically improved for further proposes. Hence, the principles of the method
should be illustrated shortly in the next section.

As in conventional force modulated microscopy (FMM) during CCI, the AFM
tip is in contact with the sample. Also the distance between sample and the AFM
cantilever is modulated sinusoidally. In the case of CClI, this is done by moving the
z-position of the sample with a higher frequency compared with the imaging scan
frequency. As in FMM, the amplitude of the first harmonic oscillation of the nor-
mal force signal (FMM amplitude) is recorded with lock-in technique. In contrast
to conventional FMM, soft cantilevers with bending force constants small with re-
spect to the stiffness of the contact between AFM tip and sample surface are used.
Thus, the recorded signal is less sensitive to the elastic properties of the contact.
The parameters are chosen so that the measurement is rather sensitive to the friction
forces occurring within the contact.

Typically, the cantilever is mounted at an angle of 15° with respect to the sample
surface. Thus, the AFM tip in contact with the sample surface is forced to follow the
vertical modulation imposing also a lateral movement of the tip along the cantilever
axis. Friction forces acting against such a lateral movement cause buckling of the
cantilever beam, which also contributes to the normal-force signal and therefore can
be measured within the FMM amplitude signal.

Using appropriate cantilevers combined with the selection of appropriate para-
meters especially the modulation amplitude, this signal is very sensitive detecting
the friction forces between the AFM tip and the sample. Therefore, it can be used to
distinguish chemically different areas on the surface in case these induce different
tribological properties on the surface.

In comparison with the most-commonly used friction-sensitive AFM mode, the
lateral force microscopy, CCI has the following advantages: The use of a lock-in
technique results in a better signal stability and an improved S/N ratio, and the
CCl is less affected by topographic influences. Furthermore, the method is easy to
implement to existing setups.

The examination of the chemical homogeneity of the MOD layers is an impor-
tant issue. Experimental data indicated a phase separation within the LSC50-MOD
layers. In case the different phases have surfaces with different tribological prop-
erties, this could be detected by CCI. Then not only the presence of chemical
inhomogeneities could be detected, but also the local distribution of the different
phases. CCI measurements of LSC50-MOD samples did not give clear evidence
for chemical inhomogeneities. However, the marked contrast, as shown in Fig. 14.3,
could possibly indicate a phase contrast. Furthermore, not all grains of the sam-
ple may have contact to the sample surface and as the AFM only detects chemical
contrast at the surface, they cannot be seen with this method.
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Fig. 14.3 Chemical contrast
imaging of a LSC50-MOD
layer (3um X 3um). The
marked areas in the CCI
image indicate a phase
contrast

14.4 Electrostatic Force Microscopy (EFM)

Since the development of scanning force microscopy in the eighties, various tech-
niques have been proposed, based on different interactions between the probe and
the sample. The long range of electrostatic interactions makes them especially suit-
able for noncontact imaging of conducting and insulating surfaces. By applying a
bias voltage between a conducting force microscopy tip and the sample, electrostatic
force microscopy (EFM) can be used to measure local variations of capacitance, sur-
face potential, charge or dopant distribution, topography, and dielectric properties of
metallic and insulating surfaces [8].

The potential difference between the tip of the EFM and the sample, &, — &;,
depends on the contact potential, Uc,, and the external bias voltage, Upias (see
Fig. 14.4) [9]. Two kinds of charges contribute to the electrostatic interaction: free
charges, induced by the contact potential, Uc,, and the external bias voltage, and
localized charges on the tip, g, and on the sample, g;. We assume that there is no
oxide layer on the surface of the tip and therefore set ¢; = 0.

Now, three components contribute to the force between tip and sample:

First, the Coulomb force between the localized charges.

_ 1
T 47egz?

1
e
TTENZ

Fy (¢s—q)>. forgg=0— F =

The value z is the distance between tip and sample.
Second, the Coulomb force between the localized and the induced charges,
depending on the potentials U, and Upgs.

C

2 = W (Ubias - Ucp) qs (forg. =0)

The value C is the capacity of the tip—sample-arrangement.
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Fig. 14.4 (Left) Principle of the EFM, (right) energy diagram. The cantilever of the EFM is being
bent by the Coulomb force between tip and sample. The force depends on the localized charges g
on the sample and g, on the tip, the contact potential U, and the external bias voltage between
tip and sample Upiys. The contact potential U, results from the different work functions of the
materials of the tip and the sample

The third component is the Coulomb force between the free charges on the
sample [10]:

2
F3 = Ed_z (Ubias - Ucp) .

The sum of these components describes the complete electrostatic interaction, when
an external potential Uy, is applied.

1 C 2
Felee = 47‘[8012 qf + 47T80Z2 (Ubias - Ucp) qgs + - — (Ubias - Ucp)

If we assume that there are also no localized charges on the sample (¢s = 0), the
equation reduces to:

2
Felec = Ed_z (Ubias - Ucp) (forgs = 0).

In the EFM, the cantilever is now excited by a small piezoceramic to oscillate at
its mechanical resonance frequency, while the bias voltage is applied between the
tip and sample. The electrostatic force on the cantilever depends on the height, z, of
the tip above the sample. The oscillation causes the tip to move through a nonlinear
electrical potential, which alters the effective resonance frequency of the system.
The local force gradient d F/dz, caused by the potential difference &, — & can now
be detected by measuring the change of the amplitude of the oscillating cantilever
or by measuring the phase shift between the actual oscillation of the cantilever and
the driving oscillation (see Fig. 14.5).
The frequency and phase shift can be described as:

wo dF

Aw = and A¢ = —arcsin Qdr
T 2k dz B k dz



152 P. Dupeyrat et al.

Fig. 14.5 Phase and
amplitude shift in the EFM. phase amplitude
The electrostatic force shifts
the resonance frequency of
the oscillating cantilever from
wo to w;. This causes a
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the phase shift can be calculated as a function of Uyss and Usp..

. d*C
A = —arcsin (%F (Ubias — Ucp)z) .

where Q is the quality factor and k the spring constant of the cantilever.

To eliminate the influence of the sample topography, the electric interaction is
measured in a certain distance above the surface in the noncontact mode. To obtain
this fixed height, the sample topography profile along a scan line is determined in
a first scan in intermittent contact mode. Then in a second scan, the oscillating tip
is moved in a constant height of a few ten nanometers above the sample and the
change of amplitude and the phase shift are recorded. This is described as lift mode
(Fig. 14.6).

The EFM delivers very good qualitative results. However, a quantitative analy-
sis of the results is very difficult. The method is still in development and no exact
physical model exists by now, which allows a quantitative analysis of the data.

14.5 Implementation and Test of the EFM Method

To convert the existing AFM into an EFM, conducting connections to the tip and
the sample were needed. Connecting the tip required special cantilevers, which
are coated with a hard conducting material, such as titanium, platinum, or tung-
sten carbide. The cantilever mount and the holding clamp had to be insulated from
the AFM-head and a contact to the cantilever had to be established by connecting a
lead to the holding clamp.

For connecting the samples, special sample holders were designed, consisting of
standard magnetic pucks, on witch up to four electrically insulated terminals were
mounted. From these terminals, very thin highly flexible wires lead to an external
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Fig. 14.6 Lift mode measurement in the EFM. First the topography profile of the sample is mea-
sured in a first scan in intermittent contact mode (1). Then the cantilever is positioned at the start of
the same scan line (2) in a certain height of a few ten nanometers above the surface (3). The second
scan follows the topography of the sample in this constant height, while recording the phase shift
of the oscillation of the cantilever (4). Then the tip is positioned at the start of the next scan line (5)

voltage source or other measuring equipment. To connect the sample surface, thin
but rigid Nickel wires lead from the terminals to the surface. The wires were bent
so that they would press their free end on to the desired area of the sample and pro-
vide an electrical contact. In case of too high a contact resistance, the conductivity
could be improved by evaporating aluminum electrodes onto the sample surface and
placing a small portion of conductive silver to the contact area.

Bias voltages of up to 7.5V were applied between the tip and the sample and
lift heights of 30-50nm were selected. The method was tested on a structure of
intercalated gold leads on a silicon substrate and on indium tin oxide clusters, also
deposited on silicon (Fig. 14.7).

As a further lifelike test sample metallic nanowires were developed, character-
ized with other methods like SEM and scanning Auger spectroscopy [11], and then
investigated by EFM. These wires have the prospect of being used for future local
contacting of individual grains and grain boundaries. A scheme of the wire profile is
shown in Fig. 14.8: Cu wires lie next to each other, separated by spacers of noncon-
ductive CuO. Additionally, CuO particles are randomly distributed on the surface.

The AFM topography measurement depicted in Fig. 14.9 shows clearly the
raised, about 30nm wide Cu wires and the lower spacers with a width of about
15 nm. Additionally round islands lying on the surface can be seen. From the EFM
phase image next to it, one can see that the higher topographic lines are conductive,
i.e., consist of copper. In contrast, the spacers, just like the round islands, appear
nonconductive, both therefore confirmed to consist of CuO.
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Fig. 14.7 Test of the EFM on a structure of intercalated gold leads on a silicon sample. Left: First
scan of the topography. Right: Second scan of the phase shift at the same position, showing the
electrical interaction between tip and sample. Here only every other line is detectable. These were
connected to a bias voltage of 3 V, while the others were not connected and therefore do not show
any contrast. In order to get reproducible results, at the beginning of each measuring session the
EFM was calibrated by scanning this sample
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Fig. 14.8 Scheme of the profile of a copper nanowire sample confirmed by SEM and scanning
Auger measurements. Cu wires lie next to each other, separated by spacers consisting of CuO [11]

Figure 14.10 proves the very high resolution that can be achieved with our EFM
system. Indium tin oxide clusters were deposited on a silicon surface (Sample cour-
tesy of the group of Prof. Hahn, INT). The smallest visible features visible are
individual clusters with feature sizes down to 10 nm.

14.6 Electrical Characterization of 8YSZ-MOD Layers

After the investigation of the dependence of the grain size from the production tem-
perature, the aim of the following experiment is to study the influence of the grain
sizes on the conductivity of the layers. The grains and the grain boundaries may play
different roles for the conductivity.
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Fig. 14.9 Comparison of the topography (/eft) and the corresponding EFM phase signal (next to
left, bias voltage 5 V) of a alternating Cu/CuO nanowire structure. The higher topographic lines are
corresponding to the areas of higher conductivity, whereas the valleys have a lower conductivity.
Image size 1.7 um X 1.7 pm. The two cross sections (right) are taken along the lines drawn in the
topography and EFM image, respectively

Fig. 14.10 Test of the EFM on indium tin oxide clusters deposited on a silicon surface at a bias
voltage of 3 V. The smallest features visible in this image (red circles) are individual clusters with
feature sizes of 30 down to 10 nm. This proves the very high resolution that can be obtained with
our EFM setup

To investigate the conductivity in the nanoscale regime, the layers were now im-
aged with the EFM. The contact wires were connected directly to the sample surface
with a drop of conductive silver. The cantilever was coated with platinum/iridium
and kept on ground potential, while the bias voltage was applied to the sample. The
lift mode height was set to 50 nm.

In the following EFM images, a bright contrast corresponds to a higher electronic
conductivity on the sample.

The EFM investigation of different 8YSZ-MOD layers shows that the layers are
macroscopically conductive. Figure 14.11 shows an EFM image of a layer produced
at 1,400°C. It shows a brighter contrast at the grain boundaries than in the grains
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Fig.14.11 Left: topographic AFM image of an 8YSZ-MOD layer, recorded in intermittent contact
mode. The layer was prepared at a temperature of 1,400°C. Right: EFM phase shift image of the
same area, recorded in lift mode with a bias voltage of 7.5 V. It is evident, that the grain boundaries
show a brighter contrast than the grains themselves, indicating a higher conductivity

themselves. It could also be shown that the contrast is proportional to the bias volt-
age. This contrast shows a higher conductivity at the grain boundaries.

This result is surprising so far, as there should be no known ionic conductivity
of such layers at room temperature. Ionic conductivity begins to appear at tempera-
tures above 200°C. This leads to the conclusion that there is electronic conductivity,
which cannot be the case for this material.

A possible explanation for this effect, described in Fig. 14.12 is the water layer,
which is present on every surface at ambient conditions, at which these measure-
ments were made. The water will aggregate preferentially in the deeper grain bound-
aries. The water molecules can easily be polarized by the changing electric field,
caused by the oscillating cantilever tip. Thus, mirror charges are induced, which
alter the interaction between tip and sample, resulting in the observed contrast.

Another method for electrical characterization is the conducting AFM (C-AFM).
Here, the tip is brought in direct contact with the sample surface and the current
caused by the bias voltage is measured. This method was also implemented, but in
case of the 8YSZ-MOD layers, no conductivity could be observed (Fig. 14.13). This
is expected for this material, because The Material itself is an oxide ceramics, which
prevents a direct conducting contact for electrons. There should be also no electric
conductance through the water layer, because taking into account the hydrophilic
behaviour of 8YSZ-MOD and the roughness of the sample, there will be no wa-
ter layer which is thick enough to show such a conductivity, which could produce
such EFM signals. And there has been also no electric contact to the surface of the
sample. It was connected to the EFM electrodes through the sample plate.

The comparison of the AC measurement by EFM with the DC measurement by
C-AFM indicates that there is no ionic or electronic conductivity at room temper-
ature. The measured AC electronic conductivity stems from the polarization of the
water film always present on surfaces at ambient conditions.
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Fig. 14.12 Left: The ambient air humidity creates a water layer on the sample surface. Due to the
topography and capillary effects the layer varies in thickness between the grains (1) and the grain
boundaries (2). Right: an increased thickness of the water layer causes a higher contrast in the EFM
measurement

a b

Fig. 14.13 C-AFM measurement at room temperature of MOD 59 annealed at 1,000°C. The
image size is 3 umx 3 wm. (a) Topography showing the expected roughness of the surface. (b) The
C-AFM measurement showed no contrast within the accuracy of the measurement, i.e. there is no
evidence for electronic conductivity (see text)

14.7 Summary

In order to be able to perform the electronic measurements, an AFM system was
adapted and extended for EFM and C-AFM. To get reproducible results, a special
calibration sample has been designed and built. Furthermore, a more lifelike sample
consisting of CuO covered Cu nanowires separated CuO spacers was developed
and analyzed by SEM and scanning Auger spectroscopy. The EFM results were
consistent with these measurements proving the accuracy of our instrument. The
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EFM measurements with the extended system showed extraordinarily fine features
in the 10-nm regime. To the best of our knowledge, this has not been observed under
ambient conditions to date in the literature.

EFM measurements on 8YSZ-MOD layers showed a clear contrast between
crystallites and grain boundaries in which the crystallites appear less conductive
than the grain boundaries. As there should be no electronic conductance at all at
room temperature within the 8YSZ-MOD layers, further examinations were carried
out. A water layer with a different thickness on the crystallites compared with the
grain boundaries could be proposed as producing this effect. With C-AFM mea-
surements, no evidence for the conductivity at room temperature of the MOD layers
could be observed.
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Chapter 15
Integrated Lab-on-a-Chip System
in Life Sciences

S. Thalhammer, ML.F. Schneider, and A. Wixforth

Abstract Surface acoustic waves are employed to efficiently actuate and
manipulate smallest amounts of fluids on a chip. The interaction between the sur-
face wave and the fluid on a chip leads to acoutic streaming within the fluid, which
can be used to pump and mix within a closed volume. At somewhat higher surface
wave amplitude, small fluid volumes like droplets can be actuated as a whole. Our
technique yields a very versatile approach toward a programmable fluidic micro-
processor for which we give a few representative application examples, including a
complete micro total analysis system with polymerase chain reaction on a chip.

15.1 Lab-on-a-Chip Systems

About a decade ago, a handful of researchers began discussing an intriguing idea.
Could the equipment needed for everyday chemistry and biology procedures be
shrunk to fit on a chip in the size of a fingernail? Miniature devices for, say, an-
alyzing DNA and proteins should be faster and cheaper than conventional versions.
Lab-on-a-chip is an advanced technology that integrates a microfluidic system on
a microscale chip device. The “laboratory” is created by means of channels, mix-
ers, reservoirs, diffusion chambers, integrated electrodes, pumps, valves, and more.
With lab-on-a-chip technology, complete laboratories on a square centimeter can be
created.

The goal of the lab-on-a-chip technology is to automate standard laboratory pro-
cesses and to conduct chemical and biochemical analysis in a miniaturized format.
This makes it fast and cost efficient with small reagent consumption and less waste
generation; the results of a research can be obtained within a few seconds instead of
hours or days.

Microfluidics deals with the handling and manipulation of minute amounts of
fluids: volumes thousands of times smaller than a common droplet. Microfluidics
means measuring in microliters, nanoliters, or even picoliters. The microfluidics
field lies at the interfaces between biotechnology, medical industry, chemistry,
and microelectromechanical systems (MEMS). During the past 20 years, microflu-
idics, micrometer-scale total analysis systems ()W TAS) or so-called “lab-on-a-chip”

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 161
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_15,
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devices have revised interest in the scaling laws and dimensionless groups for
downscaling purposes [1]. Microfluidics already started twenty years ago, princi-
pally in inkjet printer manufacturing. The mechanism behind these printers is based
on microfluidics; it involves very small tubes carrying the ink for printing. The tubes
can combine and isolate from each other to change the tone of the colors as they ap-
pear on the page. The same etching techniques used to make semiconductor chips
can create channels, tubes, and chambers in silicon or glass substrates, which can be
layered on top of one another to make more complex 2-D and 3-D structures. Chip
designs can also be stamped or cut into plastic sheets.

While the earliest reported microscale devices consisted of channels etched in
hard substrates such as silicon [2, 3], glass [4] and plastic [5], MEMS fabrica-
tion technologies have been increasingly applied to fabricate highly sophisticated
devices from a variety of materials, including soft elastomers such as polydimethyl-
sioxane (PDMS) [6] with hundreds of microchannels and integrated sensors to
measure physiological parameters. It is the next step in laboratory automation,
resulting in:

A decrease in reagent consumption and waste

A reduction of cost per analysis

Faster analyses and results in a few seconds

Safer chemical experiments and reactions

An improved data quality

Better controllable process parameters in chemical reactions
An increased resolution of separations

The ability to precisely control parameters such as substrate, flow rate, buffer
composition, and surface chemistry in these microscale devices makes them ideal
for a broad spectrum of cell-biology-based applications. It ranges from high-
throughput screening of single cells and 3-D scaffolds for tissue engineering to
complex biochemical reactions like polymerase chain reaction (PCR) and drug
detection. Microscale devices offer the possibility of solving system integration is-
sues for cell biology, while minimizing the necessity for external control hardware.
Many applications, such as single gene library screening, are currently carried out
as a series of multiple, labor-intensive steps required in the array process, e.g., DNA
amplification, reporter molecule labeling, and hybridization. While the industrial
approach to complexity has been to develop elaborate mechanical high-throughput
workstations, this technology comes at a price, requiring considerable expenses,
space, and labor in the form of operator training and maintenance. For small lab-
oratories or research institutions, this technology is simply out of reach. Devices
consisting of addressable microscale fluidic networks can dramatically simplify the
screening process, providing a compartmentalized platform for nanoliter aliquots.
However, making miniature labs is not just a question of scaling down conventional
equipment. Nanoliter volumes of liquid behave in curious ways. For example, we
are used to seeing liquids mix by turbulent flow, as illustrated by the way cream
swirls into coffee, but such turbulence does not occur in closed channel or tubing
systems just a few micrometers wide. Streams of liquid flow alongside each other
over short distances without mixing. At the other end of the application spectrum,
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the ability to regulate fluid flow within open microscale devices with nanoliter
precision has also generated interest in using them as tools for tissue engineer-
ing or bionic applications. Advances in substrate micropatterning techniques to
mimic capillaries (e.g., bionic approaches), the implementation of biocompatible
and biodegradable substrates, and the ability to pattern surfaces with molecules to
simulate cell adhesion have provided researchers with excellent tools to understand
complex biophysical processes, e.g., the adhesion of von Willebrand factor (VWF)
fibers to stop bleeding under high shear-stress conditions as found in small blood
vessels [7].

15.2 General Manipulation of Cells and Cell Components
in Microdevices

Recent advances in the field of genomics and proteomics have catalyzed a strong
interest in the understanding of molecular processes at the cellular level like gene
expression and cell biomechanics. In combination, this leads to the novel transdis-
ciplinary field of systems biology. Microscale devices are being applied to both the
manipulation and the interrogation of single cells in nanoliter volumes. At the sin-
gle cell level immobilization, sorting and assay approaches are briefly summarized
(see Table 15.1). The ability to manipulate single cells and cell components has been
accomplished over the past few decades using a variety of techniques, including me-
chanical approaches, e.g., micropipettes and robotic micromanipulators [8], optical
tweezers [9, 10], and microelectrodes [11, 12]. Adapting these general classes of
techniques to nanofluidic systems, using microchannels or microfabricated struc-
tures incorporating nanoliters of fluid, offers an unprecedented level of control over
positioning, handling and patterning of single cells.

Table 15.1 Microdevice approaches to immobilize, sort, monitor and culture single cells

Immobilization of cells Mechanical cell trapping

Cell sorting Biomolecular cell trapping
Electrokinetic cell trapping
Electroosmotic and dielectrophoretic cell sorting
Pressure based cell sorting
Optical sorting
Monitor cell physiology Single-cell electroporation
Cellular nucleic acid isolation
Nucleic acid amplification/detection
Nanofluidic electrophoresis
Proteomics applications
Quantifying intracellular protein and small molecule detection
Cell culture in microdevices  Surface chemistry and cell culture
Microchannel geometry and cell culture
Low control in microscale culture systems
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Several groups have recently reported on the development of nanofluidic systems
to mechanically manipulate and isolate single cells or small groups of cells in
microscale tubing and culture systems. The Quake group used multilayer soft lithog-
raphy, a technology to create stacked 2-D microscale channel networks from elas-
tomers, to fabricate integrated PDMS-based devices for programmable cell-based
assays [13]. They applied the microdevice for the isolation of single Escherichia
coli bacteria in subnanoliter chambers and assayed them for cytochrome c peroxi-
dase activity. Khademhosseini and coworkers reported on the use of polyethylene
glycol (PEG)-based microwells within microchannels to dock small groups of cell in
predefined locations. The cells remained viable in the array format and were stained
for cell surface receptors by sequential flow of antibodies and secondary fluores-
cent probes [14]. The trapping of cells using biomolecules in nanofluidic systems
has been demonstrated using antibodies and proteins with high affinity to the target
cell (for review see [15]). Chang et al. used square silicon micropillars in a chan-
nel coated with the target protein, an E-selectin-IgC chimera, to mimic the rolling
and tethering behavior of leukocyte recruitment to blood vessel walls [16]. Using
electric fields both to induce flow and to separate molecules is widely adapted to
microscale devices to separate nucleic acids and proteins [17, 18]. For cell-capture
dielectrophoresis, in which a nonuniform alternating current is applied to separate
cells on the basis of their polarizability, has been adapted to microscale devices [19].

In an effort to miniaturize the cell-sorting process, microscale devices have
been fabricated that use different strategies, including electrokinetic, pressure and
optical deflection-based methods [20]. While the first prototypes developed in the
late 1990s were capable of tens of cells per second, state-of-the-art microscale
fluorescent-activated cell sorters are quite comparable to conventional sorters [21].
Wang and coworkers implemented a fluorescence-activated microfluidic cell sorter
and evaluated its performance on live, stably transfected HeLa cells expressing a
fused histone-green fluorescent protein [22]. Electroosmotic flow, in which flow
is induced by applying a voltage potential that induces flow through the migration
of ions in solution, was one of the earliest technologies to be used in microscale
flow cytometers. Fu and coworkers developed a simple PDMS T-microchannel
sorter device consisting of a single input and two electrode connected collection
outputs [20]. The sorting of cells was accomplished by switching the applied
voltage potential between the two outputs. Flow switching in pressure-based cell
sorting, to the collection and waste outputs, has been achieved using by integrated
elastomeric valves in multilayer PDMS-based devices and hydrodynamic switches
[21]. Ozkan et al. used vertical cavity surface-emitting laser arrays to trap and
manipulate individual cells in PDMS microchannels [23]. While field-trapping
strengths are characteristically weak for larger objects like mammalian cells, the
use of photonic pressure to repel cells has been shown to be an effective tool for cell
sorting microfabricated devices. Besides multicellular sorting, single cell analysis
plays an important role in molecular diagnosis. All basic microdissection strategies
of cellular nucleic acid isolation ranging from single cells to cell fragments are
reflected in the following chapter.
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It is not the intention to provide an entire comprehensive list of microdevices
to monitor single-cell physiology. A list of the major fields of research is summa-
rized in Table 15.1 and the present status and novel achievements in the monitoring
cell physiology field are reviewed (for history, theory, and technology see [24];
for analytical standard operations and applications see [25]; for latest trends see
[26]). Cellular nucleic acid isolation and nucleic acid amplification and detection
are relevant to the developed novel lab-on-a-chip system are described in detail
subsequently.

15.3 Actuation of Lab-on-a-Chip Systems

Micropumps are one of the components in three-dimensional Lab-on-a-Chip
systems with a large variety of operating principles; they can be divided in two
mean categories: mechanical pumps and nonmechanical pumps (for review see
[27]). Mechanical pumps usually utilize moving parts such as check valves, oscil-
lating membranes, or turbines for delivering a constant fluid volume in each pump
cycle [28]. These are mainly used in macroscale pumps and micropumps with
relatively large size and large flow rates. Since the viscous force in microchannels
increases in the second order with the miniaturization, mechanical pumps cannot de-
liver enough power in order to overcome its high fluidic impedance. Nonmechanical
pumps add momentum to the fluid for pumping effect by converting another energy
form into the kinetic energy and therefore have the advantages in the microscale.
For flow rates larger than 10 ml/min, miniature pumps or macroscale pumps are
the most common solution. The typical operation range of positive displacement
micropumps lies between 10 and several mircroliters per minute. For flow rates less
than 10 |L1/min, alternative dynamic pumps are needed for accurate control of these
small fluid amounts. With these flow rates, most of the pumps are working in the
range of Reynolds number from 1 to 100, and therefore in a laminar regime.

Another mechanical pump type, the rotary pump, can be realized with micro
machining techniques for pumping highly viscous fluids. Ahn and Allen presented a
micropump with a microturbine as the rotor in an integrated electromagnetic motor.
The high aspect ratio structures with 160 pum chamber height were fabricated using
photolithography of polyimide. They achieved a flow rate of 24 p1/min [29]. A two
gear wheel rotary micropump with a flow rate of 55 j11/min in 500 um chamber
heights was presented by Doepper and coworkers. The gears forced the fluid along
by squeezing it to an outlet [30]. Centrifugal microfluidic platforms are of particular
interest for assay integration as their artificial gravity field intrinsically implements
a pumping force as well as an established method for particle separation without
actuation apart from a standard rotary drive. The Zengerle group presented a plasma
extraction method from whole blood on a rotating disk with a capillary system for
subsequent on-disk processing [31].

Ultrasonic pumping is a gentle pump principle with no moving parts, heat, and
strong electric field involved. Yang and coworkers designed an active micromixer
based on ultrasonic vibrations and successfully tested their system using water
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and uranine [32]. The pump effect is caused by the acoustic streaming, which is
induced by a mechanical traveling wave. The mechanical wave can be a flexural
plate wave [33,34] or a surface acoustic wave (SAW) [35, 36]. The mechanical
waves are excited by interdigital transducers placed on a thin membrane coated
with piezoelectric film [33,34] or on a piezoelectric bulk material [35,36]. This is
an alternative to the later-described electrowetting-based transport of droplets.

All mechanical pumps require a mechanical actuator, which generally converts
electric energy into mechanical work. They can be divided into external and inte-
grated actuators (for review see [37]).

External actuators include electromagnetic actuators with solenoid plunger and
external electric field, disk type or cantilever type piezoelectric actuators, stack
type piezoelectric actuators, pneumatic actuators, and shape memory actuators. The
biggest drawback of external actuators is their large size, which restricts the size of
the whole micropumps. The advantage is the relatively large force and displacement
generated by external actuators.

Integrated actuators are electrostatic actuators, thermopneumatic actuators, elec-
tromagnetic actuators, and bimetallic actuators. Despite their fast response time and
good reliability, electrostatic actuators cause small force and very small stroke. With
special curved electrodes, electrostatic actuators are suitable for designing microp-
umps with a very low power consumption. Thermopneumatic actuators generate
large pressure and relatively large stroke. This actuator type was therefore often used
for mechanical pumps. Thermopneumatic actuators and bimetallic actuators require
a large amount of thermal energy for their operation, and consequently, consume a
lot of electric power. High temperature and complicated thermal management are
further disadvantages of these kinds of actuators. Electromagnetic actuators require
an external magnetic field, which also restricts the pump size. Their large electric
current causes thermal problems and high electric energy consumption (for review
see [37]).

Nonmechanical pumps can be divided into electrohydrodynamic, electrokinetic,
phase transfer, electrowetting, electrochemical, and magentohydrodynamic pumps
(for review see [27,38]). Electrokinetic pumping and particle manipulation princi-
ples are based on surface forces and thus gain impact within the microdimensions
due to the increased surface-to-volume ratio (SVR). This advantage combined with
the simple setup of electrokinetic systems, which basically consist of microfluidic
channels and electrodes, was used in lab-on-a-chip applications for the analysis of
chemical compounds. The electrohydrodynamic induction pump (EHD) is based on
the induced charge at the material interface. A traveling wave of electric field drags
and pulls the induced charge along the wave direction. It was first presented by Bart
et al. and with similar designs by Fuhr and coworkers [39,40]. A fluid velocity of
several hundred microns per second can be achieved with this pump type. In contrast
to the EHD-pumps, electrokinetic pumps utilize the electric field for pumping con-
ductive fluid. The electrokinetic phenomena can be divided into electrophoresis and
electro-osmosis. Electrophoresis is the effect by which charged species in a fluid are
moved by an electrical field relative to the fluid molecules. Electrophoresis is used
to separate molecules like DNA molecules depending on the size. In contrast to



15 Integrated Lab-on-a-Chip System in Life Sciences 167

electrophoresis, electro-osmosis is the pumping effect of a fluid in a channel under
the application of an electrical field. A surface charge exists on the channel walls
and the electro-osmotic effect is used for pumping fluid in small channels without
applying a high external pressure. The most common application of electro-osmotic
pumps is the separation of large molecules like DNA or proteins. Harrison et al.
presented a system that generates a fluid velocity of 100 um/s with a field strength
of 150 V/cm [4]. Gel electrophoresis for separating DNA molecules in microchan-
nels with field strengths ranging from 5 to 10 V/cm was shown by Webster and
coworkers [41]. In order to overcome the high fluidic impedance caused by viscous
forces in small channels, phase transfer pumps can be an alternative. This pumping
principle uses the pressure gradient between the gas and liquid phase of the same
fluid for pumping it. The first phase transfer pump was presented by Tagagi et al.,
where the alternate phase change is generated by an array of ten integrated heaters
[42]. A much smaller pump based on surface micromachining with six integrated
polysilicon heaters in a channel with 2 um height and 30 pm width was described
by Jun and Kim [43]. With this pump type, a flow velocity of 160 wl/s or flow
rates less than one nanoliter per minute can be achieved. The electro-wetting pump
was suggested by Matsumoto and Colgate, where the dependence of the tension be-
tween solid-liquid interface on the charge of the surface is used for actuation. Lee
and Kim reported a micro actuator based on the electro-wetting of mercury drops,
which can be used for driving a mechanical pump with check valves [44]. A mi-
cro liquid dosing system is presented, which allows bidirectional manipulation of
fluids (i.e., pushing out and pulling in of liquids) by the electrochemical generation
and removal of gas bubbles. Bidirectionality is obtained by reversal of the actua-
tion current thereby causing the earlier produced gasses to react back to water. This
reduction of gas volume actively pulls liquid back into the system. The electrochem-
ical actuator electrodes have been specially designed to perform the simultaneous
measurement of conductivity, via which the total amount of gas can be estimated
[45]. Magnetohydrodynamic pumps use the Lorentz force acting on a conducting
solution to propel an electrolytic solution along a microchannel etched in silicon.
The micropump described by Lemoff and Lee has no moving parts, produces a con-
tinuous (not pulsatile) flow, and is compatible with solutions containing biological
specimens [46]. The use of magnetic liquids is an innovative actuation method for
liquid handling, since ferrofluids have shown their great potential [47]. Yamahata et
al. presented a ferrofluid micropump where the magnetic plug is externally actuated
by a motorized permanent magnet. Water has been successfully pumped at a flow
rate of 30 w1/min at backpressures of up to 25 mbar. [48]. Transportation of aqueous
droplets containing hydrophilic magnetic beads in a flat-bottomed, tray-type reactor
filled with silicon oil and actuated by an external magnetic force was presented by
Ohashi et al. [49]. They performed PCR reactions in 3 1 virtual reaction chamber
(VRC) droplets in 11 min with 30 cycles resulting in PCR products ranging from
12 to 12! basepairs.
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15.4 Lab-on-a-Chip Concepts

The need for faster and cheaper technologies to extract biological information, both
at the molecular and cellular levels, has driven the trend to miniaturize laboratory
techniques in the last two decades. Just as integrated circuits revolutionized informa-
tion technology, multiplexed microscale devices capable of manipulating and pro-
cessing DNA and proteins in nanoliters of fluid have the potential to have the same
impact on biology and medicine. Microtechnology found its first application in elec-
tronic, and in a matter of a few decades, revolutionized our daily lives. The concept
of miniaturization and functional integration, i.e., the microfabrication of different
electronic components and the integration of these components to form complex
integrated circuits, is a strategy that can also be used in other fields, e.g., mechan-
ics, optics, chemistry, and life sciences. In 1979, Terry and coworkers presented
“a gas chromatography air analyzer fabricated on silicon wafer using integrated cir-
cuit technology” [50]. This was the first publication discussing the possible use
of techniques borrowed from microelectronics to fabricate a structure for chemical
analysis. The introduction of the concept of micro total analysis systems, W TAS, by
Manz and coworkers in 1992 triggered rapidly growing interest in the development
of microsystems where all the stages of chemical analysis like sample preparation,
chemical reactions, analyte separation, analyte purification, analyte detection, and
data analysis are performed in an integrated and automated fashion [1]. The realiza-
tion of such chemical analysis systems requires miniaturization and integration of a
wide variety of components, e.g., mechanic, fluidic, optic, and electronic.

Microfabrication, i.e., the fabrication of structures down to micrometers in size,
is essential to the development of W TAS. Silicon presented an obvious choice as a
material for the microelectronics industry due to its semiconductor properties. The
explosive growth of microelectronics has led to a wide range of microfabrication
tools for silicon and very high levels of experience and expertise exist for work-
ing with this material for microtechnology. Silicon is ideal for microfabrication
of electronic, mechanics, and optic components and thereby allows for high lev-
els of functional integration (Microelectromechanical Systems, MEMS). However,
the superiority of silicon as a material for W TAS is debatable, because the chemical
stability of silicon is not very good. Although the surface of silicon can be treated
to withstand harsh chemical environments, other materials may be more suitable for
certain biochemical applications. Furthermore the high cost of silicon, especially
in single-use applications, where W TAS are in contact with biohazardous materials,
requires alternatives. Polymers possess a number of attractive qualities for use in
chemical or biochemical microsystems, like optical transparency and chemical re-
sistance to aggressive media. Most importantly, polymers can easily be machined
on the micrometer scale using a variety of methods like milling, laser ablation, hot
embossing, and injection molding. Furthermore, very persuasive is the very low per-
unit manufacturing cost, which is attainable when production is scaled up to batch
sizes in the range of hundreds.

Hybrid solutions where microstructures with different functions, fabricated in
different materials, are assembled to make up a complete LW TAS.
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15.5 Acoustically Driven Microfluidics

As pointed out earlier, microfluidic devices for sophisticated lab applications usually
comprise different components: First, the small amounts of fluids need to be con-
fined to some kind of containers or reactors, holding specific amounts of the liquid.
These containers and reactors are then connected via miniaturized tubes or chan-
nels, which are operated by small pumps and valves. The whole system additionally
needs to be interfaced to the outside world. The smallness of a microfluidic chip
(tube diameters are typically of the order of 100 um or less), ensures that only tiny
amounts of reagents are needed for a chemical or biological reaction, on the other
hand, however, it also causes complications that are not of relevance in macroscopic
fluid handling systems.

As usual for fluidic problems, one has to first regard the Navier—Stokes-Equation,
describing the flow in a hydrodynamic system. It is a nonlinear equation in the
velocity components, reading

-
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v is the velocity field of the flow, & the viscosity, and r the mass density of the fluid.
p denotes the pressure that a fluid element experiences from its surroundings and

7 is an externally applied body force driving the flow.

The term p (T/ ° grad) v describes the inertia of the fluid element and AV marks
the viscous term. The interaction between the fluid confined in a “lab-on-a-chip”
and the tube walls leads to hydrodynamic features that are usually given by a sin-
gle number characterizing the flow behavior in a fluid, the Reynold’s number Re,
describing the ratio between the inertial and the viscous term:

2012 pul
Re = PIL_ - (15.2)
w0

[ denotes a typical length scale in the system under consideration, e.g., the channel
diameter. For a microfluidic system, Re is usually a small number, indicating the
little importance of inertia in the problem. The most prominent consequence thereof
and hence the most important difference to a macroscopic fluid volume is probably
the lack of turbulent flows in a microfluidic system. The transition between turbulent
and laminar flow usually occurs at a threshold Reynold’s number Re & 2,000. Given
[ ~ 10mm, v~ 100 mm/s, and the material parameters of water (r = 103kg/m3,
h = 1073kg/ (msec)), we end up at Re ~ 0.001. For a lab-on-a-chip application,
this smallness usually causes severe problems. For instance, the mixing of two flu-
ids or stirring a liquid to enhance homogeneity or to speed up a chemical reaction
is a very difficult task for a purely laminar flow system. Also, the pumping of a low
Reynold’s fluid is difficult, as the interaction of the fluid with the vessel walls mim-
icks a high viscosity. We will show, that many of these obsticles can be overcome
by employing our acoustic methods.
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15.6 Experimental Details

Flow in a microfluidic system can be achieved by the interaction of the fluid and
surface acoustic waves (SAWs), propagating at the surface of a solid chip. The
driving force behind this interaction and the resulting acoustically driven flow is an
effect called “acoustic streaming”. It is a consequence of the pressure dependence
of the mass density, p, leading to a nonvanishing time average of the acoustically in-
duced pressure. Although acoustic streaming is a well-known effect for a long time
in macroscopic, classical systems, little attention has been paid on it, so far, in terms
of miniaturization [51].

Here, we report on SAW streaming in a fluid residing directly on top of a pla-
nar chip. SAW have been first described in combination with earthquakes [52].
Meanwhile, reduced to the significantly smaller nanoscale, they found their way
into much friendlier fields: SAW devices are widely used for RF signal processing
and filter applications and have become a huge industry in mobile communication.
Also SAW are a vital part in basic research on the nanoscale. Here, the optical and
electronic properties of semiconductor nanosysyems have been intensively investi-
gated over the last two decades [53]. SAW are especially convenient to excite on
piezoelectric substrates. A well-defined wavelength and frequency can be excited
if a specially formed pair of metal electrodes is deposited on top of the substrate.
Such electrodes are usually referred to as interdigitated transducers (IDT). A high-
frequency signal applied to such an IDT is then converted into a periodic crystal
deformation and if fed with the right frequency

_ Vsaw
f= > (15.3)

a SAW is launched. Here, vsaw denotes the sound velocity of the respective sub-
strate, and the wavelength, /, is given by the lithografically defined periodicity
of the IDT. Typical wavelengths of technically exploited SAW range from about
[ =30mmat f ~ 100 MHz. If a second IDT was placed downstream the substrate
surface, a so-called delay-line would be formed. Both transducers, their design, and
the substrate properties thus act as a high-frequency filter with a predetermined fre-
quency response. They are lightweight, relatively simple and of low cost, and can
be produced very reproducible, which explains their massive use in high-frequency
signal processing like mobile telephony.

Most of the energy propagating in a SAW (usually more than 95%) is of mechan-
ical nature. Viscous materials like liquids absorb a lot of this mechanical energy at
the surface of the chip. The interaction between a SAW and a liquid on top of the
substrate surface induces internal streaming, and, as we will point out, at large SAW
amplitudes, this can even lead to a movement of the liquid as a whole [54,55]. In
Fig. 15.1, we depict the basic interaction between a SAW and a fluid on top of the
SAW carrying substrate.

The SAW is approaching from the left and entering the fluid covered region (rep-
resented by a droplet in this case) of the chip. There, it becomes attenuated by a
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Fig. 15.1 Sketch of the longitudinal pressure
acoustic streaming acting on wave in droplet e —
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Fig. 15.2 SAW induced internal streaming in a small water droplet (side view, volume is approx.
50nl). A dried fluorescent dye on the surface of the chip is dissolved by SAW agitation, and rapidly
fills the whole droplet volume

viscous damping mechanism, which leads to the excitation of a sound wave in the
fluid itself. Phase conservation requires that this sound wave is entering the fluid
under an angle Qg, very much like a diffracted beam in optics. SAW streaming then
leads to an internal streaming pattern within the droplet, the exact shape of which is
determined by Qr and the geometry of the fluid volume.

15.7 Acoustic Mixing

The internal streaming as shown in Fig. 15.1 can be very efficiently used for mixing
smallest amounts of fluid. In Fig. 15.2, we show a series of two snapshots, about
half a second apart, taken for a 50 nl droplet. Here, some fluorescent dye had been
deposited at the chip surface just before the water droplet was placed on top. Not
only is the dye dissolved by the internal streaming, but is also distributed across the
whole volume of the droplet. It should be noted at this point that the SAW-induced
streaming still is laminar, as the Reynold’s number, Re, is so small. The complex
flow pattern, however, strongly supports complex material folding lines, which in
turn facilitate a quick mixing [54,55]. Moreover, by switching the SAW frequencies
and or directions during the mixing, different material folding lines are generated
which further improve mixing.
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15.8 Droplet Actuation

For somewhat higher SAW amplitudes, the acoustic streaming effect leads to a
strong deformation of the liquid surface and a momentary asymmetry in the wetting
angles left and right with respect to the SAW impingement. Especially for small
droplets, this leads to a movement and an actuation of the whole droplet into the di-
rection away from the SAW. In this sense, one can regard an IDT on a piezoelectric
substrate as an integrated nanopump. Moreover, employing a chemical surface mod-
ification, one can define hydrophobic and hydrophillic regions on the chip surface,
acting as anchors or fluidic tracks for small droplets. As an example of the versatility
of this approach in terms of lab-on-a-chip applications, we show in Fig. 15.3 a series
of snapshots of a programmable microfluidic chip with integrated planar pumps.
Here, we have used three different droplets of different chemical solutions, which
exhibit a color change when merged and mixed. It should be noted that while the
droplets are actuated and eventually merged, in their bulk, the SAW streaming leads
to extremely fast chemical reactions compared with a diffusion-only driven process.

15.9 PCR-Chips

DNA amplification (mostly by polymerase chain reaction, PCR [56] and subsequent
DNA analysis, including hybridization, sequencing, and genotyping, have been fa-
cilitated by the use of microfluidic chips. PCR-microchips were achieved following

Fig. 15.3 A SAW driven microfluidic processor. Three droplets (approx. 100 nl each) are moved
“remotely controlled” and independently by the nanopumps. (a) through (d) represent a series
of subsequently taken snapshots to visualize the movement, and the “nanochemical reactions”
occurring when the droplets are merged and mixed by the action of the surface wave. The chip not
only contains the nanopumps and the fluidic environment but in the center additional real estate
like sensors, and heaters
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different approaches. A summary of diverse concepts is reported and reviewed by
Kricka and Wilding [57]. Two alternative methods have been reported to achieve
temperature variations needed for PCR:

e Stationary On-chip PCR
e Flow-through PCR-chips

Besides well-established materials, like silicon (Si) or glass needed in
microsystem technology, also polymers and ceramics are in use, in consideration
of the difficulty in forming chambers and channels on glass substrate. Temperature
gradients are driven by external resistive heaters or Peltier elements, integrated re-
sistive heaters, or infrared heating. Faster thermal cycling for PCR can be achieved
by reducing the thermal mass on a Si-glass chip [58, 59]. For instance, this was
accomplished by creating grooves, | mm wide, 280 wm deep, in the Si-chip where
the thin-film heater was located. As a result, high rates of heating at 36°C/s,
and cooling at 22°C/s, were obtained [59]. In one report, a thin-walled PCR
chamber was constructed on a PET chip. The thin membrane, 200 um, between
the chamber and the Al heater resulted in only a short 2s thermal delay. Fast
heating, 34-50°C/s, and cooling, 23-31°C/s, rates were obtained [60]. In an-
other report, a thin Si-membrane, ~50 wm, was formed between the Pt thin-film
heater and the Si-based PCR chamber. This led to a heating rate of 15°C/s and a
cooling rate of 10°C/s [61]. Furthermore, a thin-walled PCR chamber was con-
structed on a Si-PMMA chip. The Si-membrane between the chamber and heater
is 0.8 wum Si0,/0.3 wm Si3N4/0.8 um SiO,. This combination produces a stress-
reduced membrane, because SiO, is heat-compressive and is SizNy4 heat-tensile.
This chamber design allows for fast rates of heating at 80°C/s, and cooling at
60°C/s [62]. A noncontact heating method called infrared-mediated temperature
control has been employed for PCR. Only the solution absorbs IR, because the chip
material, polyimide, does not absorb IR. Therefore, the low thermal mass of the
solution allows for fast thermal cycling, and 15 cycles for amplifying a 500 bp long
A phage DNA fragment have been achieved in 240s [63].

Due to miniaturization, On-chip PCR benefits from the high SVR of the PCR
chamber. For instance, SVRs of Si-chambers are 10 mm? /11 [64] and 17.5 mm? /1
[65], which are greater than 1.5 mm? /Ll in conventional plastic reaction tubes and
8 mm? /.l in glass capillary reactive tubes [66]. This can lead to the inhibition of
PCR reactions on native chip substrates like glass or silicon, due to adsorption of
biomolecules to the chip surface [67]. To prevent adsorption of PCR polymerase or
nucleic acids, surface treatment and modification or additives in the PCR mixture
are necessary.

The basic concepts are described in the subsequent sections.

15.10 Stationary On-Chip PCR

Much effort has been made to integrate PCR chambers on microchips to carry out
amplification of DNA molecules prior to their analysis. For instance, PCR was first
achieved on a Si-based reaction chamber (25 or 50 j11) integrated with a polysilicon
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thin-film (2,500 A thick) heater for the amplification of the 142 bp long GAG gene
sequence of HIV, cloned in bacteriophage M13 [68]. In another report, PCR of a
500 bp bacteriophage ADNA fragment was performed in a 10 1 chamber fabricated
in a Si-Pyrex chip. Finally, the temperature stayed at 72°C for 5 min. Subsequently,
off-chip agarose gel electrophoresis was performed. Nevertheless, it was found that
PCR on chip was not efficient as conventional PCR [3]. In one report, anti Taq
DNA polymerase antibody was employed to avoid loss of PCR efficiency [64].
The antibody inhibited the Taq polymerase before PCR reagents attained a high
temperature, and this procedure is thus called hot-start PCR. In this procedure, the
loss of Taq polymerase due to nonspecific binding was reduced. This on-chip hot-
start PCR resulted in a more consistent and higher yield than that obtained in the
PCR chip without hot-start and even that in the conventional PCR reaction tube
(with hot-start) [69].

PCR has been achieved not only from extracted DNA, but also directly from
DNA in cells. For instance, the around 100 bp long human CFTR fragment was am-
plified from isolated human lymphocytes. The results were comparable to PCR from
human genomic DNA extracted from the cells. The results indicated that tedious ex-
traction of the DNA template might not be necessary, and PCR can be conducted
directly on lysed cells [69]. In a dual-function Si-glass microchip, the isolation of
white blood cells (WBC) from whole blood (3.5 1) using weir-type filters (3.5 pm
gap) was followed by PCR of the 202 bp long exon 6 region of the dystrophin gene.
Due to the PCR inhibition of hemoglobin, red blood cells are removed and the re-
tained WBC are released by an initial denaturation step at 94°C [64].

Integration of the PCR chamber and subsequent on-chip capillary gel-
electrophoresis (CGE) analysis has been reported [70]. First, the target DNA,
a 268 bp long B-globin target cloned in M13 or 159 bp long genomic salmonella
DNA, was amplified in a microfabricated PCR reactor. The 20 1 reactor was heated
by a polysilicon heater (3,000 A Si doped with boron). Then the PCR products were
directly injected into a glass capillary electrophoresis chip for CGE separations.
The heating and cooling rates are 10 and 2.5°C/s, respectively, compared with
typical rates of 1-3°C/s in conventional thermal cyclers. The use of a thin-film
heater permitted a PCR cycle as fast as 30s in a 280 nl PCR chamber. Stochastic
DNA amplification has been demonstrated using one to three 136 bp long templates.
Before separation, the PCR mixture was prevented from flowing into the capillary
electrophoresis channel using the passive barrier formed by the hydroxyethylcellu-
lose, sieving medium [71]. A Si-based PCR chamber was also interfaced to a glass
chip using a PDMS gasket for DNA-based bird sex determination [72].

Another method for fast thermal cycling is noncontact heating via infrared (IR)
excitation of the vibrational bands of water. This type of fast thermal cycling was
pioneered by the Landers group and demonstrated in capillaries [73] and both poly-
meric [63] and glass microdevices [74].

However, the concept of microfluidics as a closed system has to deal with some
major problems. The pressure required for moving the liquids scales inversely with
the channel dimensions [75]. The Wixforth group introduced a microfluidic device
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Fig. 15.4 Working principles of PCR chips: (a) stationary single chamber on-chip PCR (b) virtual
reaction chamber (VRC). The PCR sample is introduced into the single or virtual chamber. The
chip is then heated and cooled to provide thermocycling conditions; (¢) a serpentine channel con-
tinuous flow-through. The sample is introduced in the inlet and pumped unidirectionally through.
Temperature zones are provided by three heaters. Also spiral channel based and bidirectional flow
setups are available

operating at a planar surface instead of a closed channel network (VRC, Fig. 15.4b).
The fluid is transported in single droplets using surface acoustic waves (SAW) on
a piezoelectric substrate [76]. This working principle is the basis of the presented
novel lab-on-a-chip system. A thermal convection PCR system, created by a micro
immersion heater was introduced by the Braun group [77]. Instead of repetitive
heating and cooling, the temperature gradient induces thermal convection, which
drives the reaction liquid between hot and cold parts of the chamber. They were
able to amplify a 96 bp long ADNA fragment with 500 pg template material.

For complex samples containing several different DNA fragments, multiplex
PCR has been carried out. On-chip multiplex PCR was achieved on four DNAs
199-500bp long fragments of bacteriophage ADNA, a 346 bp E. coli genomic DNA
fragment, and a 410 bp long E. coli plasmid DNA fragment. After PCR, the fluores-
cent intercalating dye TO-PRO was added to the PCR reservoir, and CGE separation
was performed downstream [78].

Unspecific degenerate oligonucleotide-primed PCR (DOP-PCR) with 9.6 ng hu-
man genomic DNA as target material was performed before multiplex PCR of the
human Dystrophin gene [79].

Besides qualitative also quantitative real-time PCR amplification and detec-
tion were also facilitated using microfluidic chips. Real-time monitoring of PCR
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amplification was achieved by sequential CGE after second intervals [70]. The use
of an intercalating dye, SYBR Green I, can only be performed in an all-glass de-
vice, rather than one of PDMS-glass, because the dye and DNA appeared to migrate
into the PDMS, Sylard 184, polymer [80]. A novel method for DNA amplifica-
tion and specific sequence detection in an integrated silicon microchamber array
was described by the Tamiya group [81]. They were able to amplify and to detect
0.4-12 target copies of Rhesus D gene in each 40 nl microchamber with TagMan
PCR.

Research on the integration of PCR chip designs and subsequent DNA analysis
is still a very active field of research. A schematic draw of an On-chip PCR and the
operating principle is shown in (Fig. 15.4a, b).

15.11 PCR on a Chip

Having a completely programmable microfluidic chip at hand, one can aim toward
more complex assays, e.g., PCR on a chip [82]. Here, however, comparably
high temperatures are involved during the protocol. Such high temperatures are
not compatible with the “open geometry” of our droplet-based fluidics. To avoid
evaporation — especially during the 95°C cycle of a PCR process — the aquacous
sample solution is covered with a mineral oil layer.

The sample contains all the “PCR-mix” including template, primers, and poly-
merase for a successful amplification of a small amount of genetic material. The
sample volume in this case is well below 101, a “virtual liquid test tube” as
depicted in Fig. 15.5a). Here, the sample droplet has a red color for better visu-

Fig. 15.5 (a) “Virtual liquid test tube” for high temperature application of the planar SAW driven
fluidics. To avoid evaporation of the aquaeous sample solution (red), the droplet has been covered
by a thin mineral oil layer. Both represent a fluid test tube for further processing of the sample.
(b) Programmable microfluidic biochip for multispot PCR in top view. Apart from SAW driven
nanopumps for the fluid actuation, the chip also hosts a heater and a thermometer. The chip is
connected to the outside via pogo contacts. Underneath the transparent piezoelectric substrate, a
microscope objective is mounted for fluorescence monitoring of the PCR progress employing an
intercalating dye
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alization. As the programmable biochip is fabricated employing standard planar
lithographical technology, we can also include additional functional elements like
thermometers and heaters. The optical transparency and the lack of self fluorescence
of the substrate materials used add further value to this lab-on-a-chip application
[76]. In Fig. 15.5b), we show a typical PCR chip. In the lower right corner, an oil
droplet is seen, with in this case four different sample droplets, each holding a dif-
ferent sample. From below, an optical system is attached to monitor the progress of
amplification using an intercalating dye. For details of the PCR protocol, the sen-
sitivity of the technology, and typical experimental results we refer the readers to
[76].

15.12 Blood Flow on a Chip

The versatility of the acoustically driven planar microfluidic chip can also be nicely
demonstrated in a recent study of ours, where we tried to simulate blood flow on
a chip. Studying cell or platelet adhesion (hemodynamics) in small capillaries and
arteries is a particularly challenging topic, since it is difficult to be mimicked in
an in vitro system and hard to access by optical or mechanical means. As the dia-
meter of capillaries and arteries become as small as one micrometer, the Reynold’s
number becomes very low, making the pumping mechanism extraordinary difficult.
This calls for a new pumping principle when designing an in vitro model to study
the basic principles taking place during blood flow. Figure 15.6 describes the prin-
ciple of a microflow chamber, which is directly built on a SAW chip (ju-FCC). This

Surface Acoustic Wave

(the nanopump) hydrophobic surface
-
IDT’s-High frequency signal V=81
(source for SAW)
/

LiNbO®
(piezoelectrica)

hydrophobic track

Fig. 15.6 A SAW-driven microfluidic chip. A SAW, excited electrically, eventually interacts with
the confined liquid at the solid—liquid interface and drives the liquid to flow (acoustic streaming).
The surface wave basically acts as a localized pump, as its mechanical energy is absorbed by the
liquid over only a few micrometers. Due to the small scales of this microfluidic system, it creates
a homogenous laminar flow (low Reynold’s number) along the channel, mimicking the blood flow
in arteries or capillaries
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system can resemble a type of “artificial blood vessel.” The fluid on the chip is
confined to a trajectory or a virtual container by a chemical modulation of the sur-
face wettability using hydrophobic/hydrophilic surface functionalization employing
soft lithography. The heart of the chip, the nanopump, is driven by a surface acous-
tic wave (SAW) causing the liquid flow by inducing surface acoustic streaming (see
Fig. 15.1). The amplitude of the SAW in the liquid decays exponentially within a
characteristic length scale of a few micrometers. Therefore, considering the total
length of a typical channel (40 mm), the pump basically acts as a point-like source,
driving the liquid to flow according to conservation of mass. The flow chamber
has no dead volume, allowing for the investigation of even expensive or rare sub-
strates with a volume 100-1,000 times less than usually required. The particularly
small sample volume of only 8 il is probably the most prominent advantage of
our nanopump-driven planar flow chamber chip. Moreover, the chip components
are inert and entirely compatible with biological systems and the system is free
of all movable parts, making the handling extremely simple. The complete opti-
cal transparency of the LiNbOs3 substrate allows for individual cells to be tracked
over long periods of time, when the -FCC is mounted directly onto a fluorescence
microscope.

Fluidic lanes ranging from a few pm up to 10 mm can be realized and the open
structure on a free surface allows for direct access to the channel at all times (e.g., for
the addition of antibodies or drugs). The technique also provides maximum freedom
for mimicking all possible vessel architectures and conditions as they may exist in
nature with curved, branched, or restricted vessels. Finally, the SAW-based pump-
ing system of our chip guarantees for a homogenous, easily controllable laminar
flow the profile of which covers the complete range of physiological flow and shear
conditions from 0 to several 10,000s~! [83]. Finally, no restrictions are put on the
surface functionalization. Artificial lipid membranes, protein coats, and even con-
fluent cell layers have been successfully be prepared.

15.13 Proteins Under Flow

Using this set up, we studied the effect of shear flow on a protein called VWE. It is a
glycoprotein being synthesized and stored in endothelial cells, and has found to play
an important role in blood coagulation, particularly in regions where the shear rates
are high. Under normal conditions, it assembles into multimers (biopolymers) that
when stretched can become as long as 100 um. The monomeric length is unusually
large (~100nm) and contains 2,050 amino acids residues. Intuitively, one would
expect that blood platelet adhesion is always decreasing with increasing shear force
applied to the platelet. Surprisingly, VWF-mediated adhesion, on the other hand, is
strongly enhanced under high shear-flow conditions [84]. VWF was spread over the
hydrophilic track of the flow chamber chip and exposed to various shear flows. Im-
ages of VWF at concentrations typical of human blood (¢ & 2 jug/ml) are presented
in Fig. 15.6. At shear rates between y ~ 10 and 1,000 s~!, the biopolymer exhibits a
compact conformation (Fig. 15.6 left). The size of the VWF globules was estimated
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within our fluorescence setup to be d & 2 um, clearly showing that it consists of
more than one monomer. This compact conformation remains unchanged as long
as the shear rate is maintained below a certain (critical) value i ~ 5,000 s7L In-
creasing the shear rate above y,; induces a shape transformation of the VWF fibers
from a collapsed to a stretched conformation of length [ ~ 15 um (Fig. 15.6 right).
This transition is reversible, as we observe an immediate relaxation of the protein to
its compact conformation when the flow is turned off.

The fact that the transition occurs at such a high shear rate cannot be understood
from previous studies on linear chains under good solvent conditions. For example,
it has been shown that DNA of roughly the same length as the VWF fibers studied
here will exhibit drastic changes of elongation for shear rates as low as 30s™! at a
viscosity of 1cP (i.e., water or the phosphate buffer employed here). Our studies,
however, indicate that significant changes in conformation occur only at shear rates
¥ > 5,000s™!. This value is more than two orders of magnitude higher than that
reported for DNA. We assume that strong attractive interactions between monomers
hold the VWF fiber tightly together, even under strong shear conditions. Therefore,
we propose that a single VWF biopolymer forms a compact or collapsed structure
similar to a folded protein (Fig. 15.7 left) [7].

This explains the counterintuitive observation mentioned at the beginning of this
paragraph. Under high shear flow VWF mediates blood platelet adhesion more ef-
fectively. In its collapsed state, all binding sites are buried inside the coil. Once the
critical shear is exceeded, VWEF stretches into a long thin fiber exposing all its bind-
ing sites. If VWF touches the surface in this conformation, which is highly unlikely
in small capillaries, it will immediately be immobilized and will serve as a “sticky”
grid for free-floating blood platelets. Since forces, conformation, and function are
so closely related, we call this “self-organized blood clotting.”

Below Critical Shear vy, Above Critical Shear v,

collapsed stretched

Fig. 15.7 Proteins under Flow. The blood clotting protein VWF is exposed to various shear flow
conditions. Only when a critical value is exceeded the protein elongates in a reversible fashion. The
unusually high shear rates could not be explained by conventional hydrodynamic models, instead
a new theory was developed [85]
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15.14 Cell-Cell Interactions on a Chip

Although our planar flow chamber chip represents an elegant technique for exam-
ining many relevant topics, it turned out to perform suboptimally for cell culture
on its surface: Initial attempts to perform cell culture on a planar flow chamber
chip were hindered by the fact that the protein-rich media influenced the channel
architecture due to the protein adsorption on the hydrophobic surface. As a re-
sult, this led to an unwanted inhomogeneous flow. To avoid this, we developed a
more sophisticated 3D version of our system, which easily allows for successful
cell culture while retaining all of the advantages of the planar system previously
described. We achieved this by a flexible yet stable three dimensional architecture
by adding “walls” to the channel employing the fully transparent, biocompatible
synthetic elastomer polydimethyl-siloxane (PDMS).

The usefulness and the validity of our system were tested by examining the ad-
hesion of human melanoma cells at various shear rates over time. The results can be
seen in Fig. 15.7, which presents our cell culture chip and the PDMS channel. Note
that the cells form a confluent layer filling out the entire channel without growing
outside of the boundaries. This is evident by the sharp line marking the channel
wall. In addition, the cells appear healthy, divide readily, and are securely attached
to the chip surface. This cultured layer remains completely unaffected by the SAW,
which still induces a continuous flow along the channel.

Finally, we were able to demonstrate the use of our system as a cultured micro
flow chamber. The individual cells were tracked at three different points in time.
Note that the underlying layer of cells is neither moving nor changing in its overall
appearance, clearly indicating its integrity. This experimental finding demonstrates
the suitability of our chip to be used as a type of vascular model and further shows
the ease with which the flow can be observed, attributable to the transparent design
(Fig. 15.8).

15.15 Microdissection

Precise manipulation and microdissection of, e.g., genetic material helps to design
chips for genetic analysis, to develop biosensors and lab-on-a-chip diagnostic de-
vices. Nanomanipulation could be defined as the manipulation of nanometer size
objects with nanometer size actuator with nanometer precision [86]. Talking about
manipulation, it is meant that objects are pushed, pulled, positioned, assembled, cut,
etc. by controlling external parameters. Based on the different type of interaction,
biological micro/nano-manipulation can be divided into mechanical contact, opti-
cal, electrical, fluidic, and electrical noncontact and hybrid systems (see Fig. 15.9).
Microdissection of genetic material and isolation of fragments can be accomplished
in several ways: (1) using an atomic force microscopy or extended glass needles,
(2) by laser microbeams and optical tweezers, (3) an ultrasonically oscillating nee-
dle, and (4) by low pressure means. In the following chapter, the different available
genetic microdissection techniques are reviewed.
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Fig. 15.8 Cell—cell
interactions on a Chip. Cells
are cultured directly into the
microfluidic channel using
PDMS walls. The cells form a
confluent layer over the entire
channel and do not grow
across the boundaries (PDMS
walls). Cells flowing over the
intact and immobilized
confluent cell (brighter
appearing cells). Thanks to
the optical transparency

of the piezoelectric substrate
and the continuous channel
design, the cells can be
tracked for an unlimited
amount of time. The scale bar
represents 50 pm

[ A | [vvandimiaser| [ seaTs ][ feidcage |

[ glass-needle ] [ optical tweezer']

Fig. 15.9 Overview of biological nanomanipulation types

15.16 Extended Glass-Needle Microdissection

Physical dissection of genetic material offers a direct approach to the cloning, ampli-
fication, and analysis of DNA sequences that range up to thousands of kilobase pairs
in length. Initially microdissection of genetic material was performed with extended
glass-needles. This mechanical approach, in which the tip of the needle is in contact
with the sample, allows the dissection of material in the range of 1pum. The first
experiments, which used extended glass-needles, were performed on polytene chro-
mosomes of Drosophila melanogaster [87]. The methodical steps were transferred
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to mammalian and human chromosomes [8§8-90]. The aim of these experiments was
the integration of the isolated chromosomal fragments into vectors for subsequent
cloning. These experiments were limited by the small amount of DNA available.
This limitation was overcome by the development of PCR; [56]. One possibility was
the introduction of primer-specific sequences, which were ligated to the microdis-
sected DNA [91, 92]. These highly region-specific probes are extremely valuable
for molecular cytogenetic studies as well as for positional cloning projects. With
improvements in mechanical microdissection techniques using extended glass nee-
dles and PCR, there are two distinct methods for generating a chromosome library
from microdissected chromosomal DNA: direct cloning [93] and PCR-mediated
cloning [94-96]. Depending on the primer, the latter is divided into degener-
ate oligonucleotide-primed PCR using random primers [95, 97, 98] and vector-
or adaptor-mediated PCR with specific primers [94, 99, 100]. A lot of protocols
for the PCR amplification of DNA from few or even single cells have been pub-
lished over the past years. These include primer-extension preamplification [101],
degenerate oligonucleotide-primed PCR [95] and Alu-PCR [102]. They are of vari-
able complexity and none of them has convincingly demonstrated the homogenous
amplification of the genome of a diploid cell, although some are quite useful for
various cytogenetics analyses [103, 104]. A strategy for rapid construction of whole
chromosome painting probes (WCPs) by chromosome microdissection has been de-
veloped by Guan et al. [105]. In this approach, WCPs were prepared from 20 copies
of each target chromosome microdissected from normal human metaphase chro-
mosomes and then directly amplified by PCR using a universal primer. Different
authors reported various numbers of chromosomes needed for the generation of
painting probes, ranging from more than 20 [105, 106] to less than 10 [104, 107].
Linker-adaptor PCR can overcome this problem and will be discussed in detail later.
Chromosome microdissection and amplification of the isolated fragments by Mbol
linker-adaptor PCR for genetic disease analysis were described in the early 1990s
[108].

The glass needle microdissection is conventionally used for various microopera-
tions like perforation of cells, cutting off and so on. The glass needle is effective for
the microoperation, because it is easy to make the tip diameter to be submicro order,
but there are defects such as low strength and fragility. Currently, most of such op-
erations are manually done by highly skilled operators under the microscope. The
limited visible area at a high magnification of microscope makes it difficult for the
operator to trace the target. The operations are tedious and time-consuming.

15.17 Laser-Based Microdissection

The noncontact technique of laser-based microdissection of entire chromosomes
and chromosomal fragments was demonstrated [109]. By combining PCR, cloning
techniques and laser microdissection, it was possible to generate region specific
chromosomal probes for molecular cytogenetics [110-112]. But, the chromo-
somal fragments had to be collected with an extended glass needle after laser
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Fig. 15.10 (a) and (b) laser based microdissection and isolation of a single metaphase chromo-
some fixed on a supporting membrane, see arrow; (¢) human chromosome 3 specific paint probe
generated from a single isolated chromosome, see arrows

microdissection. Newer developments include laser micromanipulation and dissec-
tion, which has considerably increased the ease and speed to isolate chromosomes
[113]. The generation of chromosomal-specific painting probes was reported with
an entire noncontact laser-based microdissection in single and multicolor-FISH
experiments [114-116] (see Fig. 15.10). By combining linker-adapter PCR and
comparative genome hybridization, it was also possible to detect loss of heterozy-
gosity in single isolated cells [117]. Linker-adaptor PCR utilizes specific linkers
ligated to the ends of DNA fragments, generated by restriction enzyme digestion;
subsequently, DNA is amplified using PCR primers homologous to the linker-
adapter oligonucleotide.

15.18 Atomic Force Microscopy Microdissection

Since the invention of the AFM [118] and its use in structural biology of chromo-
somes, research has been focused on the use of the AFM not only as an imaging but
also as a manipulation tool. By combining high structural resolution with the ability
to control the image parameters at any position within the scan area, it is possible to
use the AFM as a micromanipulation tool. Hoh et al. demonstrated the possibility
of using the AFM as a microdissection device [119]. They performed microdissec-
tion on gap junctions between cells. Controlled nanomanipulation of biomolecules
was performed on genetic material [120]. Fragments of about 100—150nm were
cut out of circular plasmid DNA. Isolated DNA adsorbed on a mica surface was
dissected in air [120-122] and in liquids, e.g., propanol [120], by increasing the
applied force to about 5 nN at the AFM specimen. These experiments demonstrated
the feasibility of microdissection in the nanometer range. Combining AFM imag-
ing and microdissection, the organization of bovine sperm nuclei was observed and
showed small protein and DNA containing subunits with diameter of 50 to 100 nm
[123]. A tobacco mosaic virus was dissected and displaced on a graphite surface to
record the mechanical properties of the virus binding [124].
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Chromosomal dissection allows direct isolation from selected regions. There-
fore, it can be used to build chromosome band libraries [91] for cytogenetic
mapping strategies or specific cloning projects. AFM microdissection of genetic
material in different condensation status, like polytene chromosomes of Drosophila
melanogaster, was performed by the group of Henderson [125, 126]. The achieved
cut size in chromosomal regions was 107 nm. Depending on the shape of the AFM
tip, the size increased to 170 nm in larger regions. Also human metaphase chro-
mosomes were microdissected and the extracted material was used for subsequent
biochemical reactions [103, 127, 128]. Manipulation of mouse chromosomes was
described. After dissection with a modified AFM tip the collected material was am-
plified with subsequent southern hybridization of the extracted single-copy DNA
[127]. AFM microdissection in a dynamic mode for the chemical and biological
analysis of tiny chromosomal fragments was shown. In this approach, the marker
gene of the nucleolar organizing region (NOR) was amplified by designed primers
for the 5.8S ribosomal DNA after performing a series of single-line scan mi-
crodissections. The dissected chromosomal fragments were collected in a second
step with a conventional microcapillary [128]. Human metaphase chromosomes
were dissected at selected regions by upstream noncontact imaging of the GTG-
banded metaphase chromosomes. The microdissection process can be documented
[103,129]. In this direct approach, the extracted genetic material, adhering to the tip,
is amplified by unspecific PCR. Then it can be used as a probe for fluorescence in
situ hybridization (FISH) [103]. As described earlier, AFM can also be operated in
liquid environment. However, microdissection in liquids produces only uncontrolled
cuts on rehydrated chromosomes [130].

The combination of high-resolution imaging and manipulation allows for the first
time identification of the sample area, microdissection, and nanoextraction of ge-
netic material at once (Fig. 15.11). This nanometer-sized material can be used for
further biomedical and biochemical studies (for review [131]).

15.19 Acoustically Driven Cytogenetic Lab-on-a-Chip

While DNA-chips become commercially important, scientific and technical
development in the last years generated different approaches of multiparameter
tests particular for medical applications, so-called “lab-on-a-chip” (LOC) systems.
Miniaturization of analysis systems will yield in an enormous cost-saving in regard
to materials like test tubes or microtitre plates as well as biochemical reagents.
Furthermore, a smaller sample volume implies in the end a higher sensitivity and
homogeneity of detection. In addition, in comparison with serial single analysis,
parallelization of analysis enables an enormous time saving due to automation.
These micro- and nanolaboratories in the size of a computer chip are equipped with
all components necessary for cytogenetic analysis; they are portable, easy to use,
flexible, inexpensive, biocompatible, and like computer chips, full programmable.



15 Integrated Lab-on-a-Chip System in Life Sciences 185

a b

height (&) A
400{
200f v’ \/

0 0,4 0,8
distance (um)

Fig. 15.11 (a) GTG banded human chromosome 9 imaged in noncontact mode, the frame marks
the area of a series of microdissections; (b) The chromosomal part was imaged by AFM in ambient
conditions after a series of dissections made by AFM. For dissection, z-modulation (~5nm) has
been used. The oscillation amplitude of the cantilever was smaller than 1% of the amplitude of
free oscillation for all cuts. Each cut was performed by scanning one line scan at 1 pm/s with a
setup loading force: #A: 7 WN, #B: 9 uN, #C: 13 uN. bar: 500 nm (c) cross sectional analysis along
the red line indicated in b; (d) AFM microdissection of a single chromatid arm, see arrow. The
achieved cut size is around 60 nm; bar 1 pm
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Fig. 15.12 (a) The modular lab-on-a-chip system consists of several units for isolating, processing
and analyzing of minute amounts of sample material: laser-based microdissection is followed by
processing of the extracted material and detection of hybridized probes or amplified material by
a fluorescence reader. All operations on the LOC are controlled by SAW actuated microfluidics.
(b) SAW driven lab-on-a-chip system with ten interdigital transducers and two heaters. Transport
of minute amounts of sample material in “virtual beakers” is actuated by surface acoustic waves
generated via interdigital transducers. The liquid phase comprising the genetic material (red) is
covered by a thin layer of mineral oil avoiding evaporation. A load resistor heating and a peltier
element provide for precise temperature profiles required for PCR methods

Here we present an acoustic driven lab-on-a-chip for cytogenetic and forensic
applications (see Fig. 15.12; [132]). In contrast to many other lab-on-a-chip ap-
proaches, the fluidic handling is done on the planar surface of this chip, the fluids
being confined in “virtual” reaction chambers and “virtual” test tubes in the form of
free droplets. The droplets, fluidic tracks and reaction sites are defined at the chip
surface by a monolayer chemical modification of the chip surface. In comparison
with conventional closed microfluidic systems with external pumping, afflicted with
the difficulty to further miniaturize, SAWs are employed to agitate and actuate these
little virtual test tubes along predetermined trajectories. These SAWs propagate on
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a substrate surface, to move and mix smallest fluidic volumina. Liquid amounts in
the range from 1 micro- down to 100 picolitre are precisely moved on monolayers
of thin, chemical processed fluidic “tracks” without any tubing system. The SAWs
are generated by high-frequency electrical impulses on microstructured interdigital
transducers embedded into the lab-on-a-chip.

Well-defined analyses, controlled in the submicrolitre regime, can be quickly
and gently conducted on the lab-on-a-chip. Apart from its nearly unlimited applica-
bility for many different biological assays, its programmability and extremely low
manufacturing costs are another definite advantage of this system. In fact, they can
be made so cheap that their use as disposables in many areas of diagnosis can be
envisioned. Minute amount of sample material is extracted by laser-based microdis-
section out of, e.g., histological sections [113, 116]. A few picogram of genetic
material are isolated and transferred via a low-pressure transfer system onto the lab-
on-a-chip [133]. Subsequently, the genetic material inside single droplets, which
behave like “virtual” beakers, is transported to the reaction and analysis centres on
the chip surface via SAWs, probably best known from their use as high-frequency
filters in mobile phones. At these “biological reactors,” the genetic material is pro-
cessed, e.g., amplified via PCR methods, and genetically characterized [134].

15.20 Summary

We described an unconventional technique to manipulate smallest amounts of lig-
uid on a chip. Employing SAWSs on a piezoelectric substrate, we are able to actuate
individual droplets along predetermined trajectories, or induce acoustically driven
internal streaming in the fluid. This internal acoustic streaming can efficiently be
used to agitate, mix, and stir very small liquid volumes, where the low Reynold’s
number usually only allows for diffusive mixing. As for typical applications, we
described a programmable microfluidic chip for droplet-based assays, to perform
high-resolution microliter PCR. The technique is equally well suited to actuate or
agitate small amounts of liquids either in closed volumes or in an open, droplet
based geometry. An example of such a closed though “open” volume is given in the
context of a model for the investigation of blood flow on a chip. Here, we showed the
feasibility to even grow a cell culture on predetermined areas of the chip, represent-
ing a flat version of a blood vessel. The shear force-induced mechanical activation
of an important biopolymer for wound healing and cell adhesion is one of our latest
unpreceded applications of our quite universal SAW fluidic chip. The combination
of the SAW actuated droplet-based fluid handling and SAW-driven fluidics in closed
volumes opens a wide field of many different applications.
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Chapter 16

Methodological Problems of Nanotechnoscience!

V.G. Gorokhov

Abstract Recently, we have reported on the definitions of nanotechnology as a
new type of NanoTechnoScience and on the nanotheory as a cluster of the dif-
ferent natural and engineering theories. Nanotechnology is not only a new type
of scientific-engineering discipline, but it evolves also in a “nonclassical” way.
Nanoontology or nano scientific world view has a function of the methodological
orientation for the choice the theoretical means and methods toward a solution to
the scientific and engineering problems. This allows to change from one explanation
and scientific world view to another without any problems. Thus, nanotechnology
is both a field of scientific knowledge and a sphere of engineering activity, in other
words, NanoTechnoScience is similar to Systems Engineering as the analysis and
design of large-scale, complex, man/machine systems but micro- and nanosystems.
Nano systems engineering as well as Macro systems engineering includes not only
systems design but also complex research. Design orientation has influence on the
change of the priorities in the complex research and of the relation to the knowl-
edge, not only to “the knowledge about something”, but also to the knowledge as
the means of activity: from the beginning control and restructuring of matter at the
nano-scale is a necessary element of nanoscience.

Introduction

The sphere of scientific-technological disciplines, which are intensively studied
today, along with the natural-scientific, mathematical, social disciplines and hu-
manities, encompasses a great number of varied fields of research, engineering,
and design. At present, scientists are founding organizations (a specific range of
publications and a limited research community) for scientific research. In addition,
as shown earlier, by the second half of the twentieth century, a majority of the

! This article has been prepared in the scope of RFFI-Project “Technoscience in Knowledge Soci-
ety: Methodological Problems of the Development of the Theoretical Investigations in Engineering
Sciences” No 09-06-00042a.

H. Hahn et al. (eds.), Nanoscale Phenomena: Fundamentals and Applications, 193
NanoScience and Technology, DOI 10.1007/978-3-642-00708-8_16,
(© Springer-Verlag Berlin Heidelberg 2009
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scientific-technological disciplines began their own theoretical studies, which have
received the status of a technical theory. Today, we have, in the scientific community,
more connection between science and technology (also in the basic research sphere).
We are already talking about “technoscience”. In the modern scientific landscape,
we can see a yet-more special type of scientific discipline — a scientific-technological
discipline. New scientific-technological disciplines are unique in that they emerge
at the interface between the scientific and engineering activities and are supposed
to ensure an effective interaction of the two aforementioned types of activity. Char-
acteristic of the scientific-technological disciplines is a closer relationship with the
engineering practice.

16.1 Different Definitions of Nanotechnology

Nanotechnology is:
1. a sphere of the scientific and engineering activity that is connected with

e organization of the process of creation, fabrication, implementation, use, and
development of the nano-scale systems, that is, coordination between the
various design tasks and cooperation of the different specialists who solved
these tasks

e support to assemble and to integrate the heterogeneous parts of the designed
nanosystem into the organic whole

2. a sphere of knowledge, a complex scientific and engineering discipline that
integrates

e means, methods, operations, and procedures of design and research of the
nano-scale systems

e methods and principles of the organization of the scientific and engineering
activity

e knowledge and methods of the modern mathematical, technological, natural,
and another sciences that are used for analysis and design of the nano-scale
systems and for the organization of the scientific and engineering activity

3. a concrete-methodological position that is connected with holistic investigation
of the nano-scale systems and of the process of their research, generation, im-
plementation, and fabrication from the cybernetics (algorithmic) and systems
approach point of view

One of these definitions, the so-called ‘real’ definition, which is relevant to the
already existing and proposed applications in different fields, refers to a list of
particular cases of current research topics. “Such lists typically include scanning
probe microscopy, nanoparticle research, nanostructured materials, polymers and
composites, ultrathin coatings, heterogeneous catalysis, supramolecular chem-
istry, molecular electronics, molecular modeling, lithography for the production of
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integrated circuits, semiconductor research and quantum dots, quantum computing,
MEMS (microelectromechanical systems), liquid crystals, small LEDs, solar cells,
hydrogen storage systems, biochemical sensors, targeted drug delivery, molecular
biotechnology, genetic engineering, neurophysiology, tissue engineering, and

so on”.?

16.2 Nanotheory as a Cluster of the Different Natural
and Engineering Theories

So “Nanotechnology comprises the emerging applications of Nanosciences.”
Molecular electronics, early recognition of the carcinoma on the molecular level,
and paint coating that changes color in response to change in temperature or chem-
ical environment from the experts’ assessment are the more long-term prospects.*
However, the hydrogen accumulation in the nanostructures is estimated as existing

2 Schummer J. Cultural diversity in nanotechnology ethics. In: Interdisciplinary science review,
2006, Vol. 31, No. 3, p. 219.

3 Schmid G. et al. Nanotechnology. Assessment and Perspectives. Berlin, Heidelberg: Springer-
Verlag, 2006, p. 11. Some applications of nanotechnology can be more or less defined. “Nanotubes,
depending on their structure, can be metals or semiconductors. They are also extremely strong
materials and have good thermal conductivity. The above characteristics have generated strong in-
terest in their possible use in nano-electronic and nano-mechanical devices. For example, they can
be used as nano-wires or as active components in electronic devices such as the field-effect transis-
tor shown in this site” (http://www.research.ibm.com/nanoscience/nanotubes.html). “The unusual
properties of carbon nanotubes make possible many applications from battery electrodes, to elec-
tronic devices, to reinforcing fibers, which make stronger composites. ...we describe some of
the potential aims that researchers are now working on. However, for the application potential be
realized, methods for large-scale production of single-walled carbon nanotubes will have to be
developed. The present synthesis methods provide only small yields, and make the cost of the
tubes about $1500 per gram. On the other hand, large-scale production methods based on chemical
depositon have been developed for multiwalled tubes, which are presently available for $60 per
pound, and as demand increases, this price is expected to drop significantly. The methods used to
scale up the multiwalled tubes should provide the basis for scaling up synthesis of single-walled
nanotubes. Because of the enormous application potential, it might be reasonable to hope that
large-scale synthesis methods will be developed, resulting in a decrease in the cost to the order
of $10 per pound” (Ch.P. Pool, Jr., EJ. Owens. Introduction to Nanotechnology. Hoboken, New
Jersey: John Wiley & Sons, 2003, p. 125).

4« it is important to recognize that the use of nanostructuring or nanostructures to generate,

fabricate or assemble high surface area materials is at an embryonic stage. The effect of the
nanostructure and our ability to measure it will be increasingly important for future progress
and development of materials for the marketplace” (D.M. Cox. High Surface Area Materials. In:
Nanostructure Science and Technology. A Worldwide Study. R&D Status and Trends in Nanopar-
ticles, Nanostructured Materials, and Nanodevices. Final Report. Ed. by R.W. Siegel, E. Hu,
M.C. Roco. Prepared under the guidance of the Interagency Working Group on NanoScience, En-
gineering and Technology (IWGN), National Science and Technology Council (NSTC). WTEC,
Loyola College in Maryland, September 1999, p. 61 - http://itri.loyola.edu/nano/final/).
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in the stage of the technological realization.” “Current applications of nano-scale
materials include very thin coatings used, for example, in electronics and active sur-
faces (for example, self-cleaning windows). Nano-scale electronic devices currently
being developed are sensors to detect chemicals in the environment, to check the ed-
ibility of foodstuffs, or to monitor the state of mechanical stresses within buildings.
Much interest is also focused on quantum dots, and semiconductor nanoparticles
that can be ‘tuned’ to emit or absorb particular light colors for use in solar energy
cells or fluorescent biological labels. Applications of nanoscience and nanotech-
nologies are also leading to the production of materials and devices such as scaffolds
for cell and tissue engineering, and sensors that can be used for monitoring aspects
of human health. Many of the applications may not be realized for ten years or more
(owing partly to the rigorous testing and validation regimes that will be required).
In the much longer term, the development of nanoelectronic systems that can detect
and process information could lead to the development of an artificial retina or
cochlea. So far, the relatively small number of applications of nanotechnologies that
have made it through to industrial applications represent evolutionary rather than
revolutionary advances. Current applications are mainly in the areas of determining
the properties of materials, the production of chemicals, precision manufacturing,
and computing. In mobile phones, for instance, materials involving nanotechnolo-
gies are being developed for use in advanced batteries, electronic packaging, and in
displays. The total weight of these materials will constitute a very small fraction of
the whole product but will be responsible for most of the functions that the devices
offer. In the longer term, many more areas may be influenced by nanotechnologies,
but there will be significant challenges in scaling up production from the research
laboratory to mass manufacturing.”® The divided development of physics (electrical
engineering — electronics — microelectronics — material design — quant effects), biol-
ogy (cell biology — molecular biology — functional molecule design), and chemistry
(complex chemistry — supramolecular chemistry) in perspective must be integrated
in the nano level.”

Exactly such a cluster of different theories is nanotechnology as is the most
typical representative of the modern technoscience. What integrates all these het-
erogeneous theories from a large number of different disciplines including physics,
chemistry, biology, medicine and engineering sciences®? This is only the orientation

3 H. Paschen, Chr. Coenen, T. Fleischer u.a. Nanotechnologie. Forschung, Entwicklung, Anwen-
dung. Berlin, Heidelberg, New York: Springer, 2004.

6 Nanoscience and nanotechnologies The Royal Society & The Royal Academy of Engineering,
2004, p. viii-ix.

7H. Paschen, Chr. Coenen, T. Fleischer u.a. Nanotechnologie. Forschung, Entwicklung, Anwen-
dung. Berlin, Heidelberg, New York: Springer, 2004.

8 «“As a simple example we can take a Biosensor which allows the detection of DNA sequences by
turning the surface Plasmon resonance of nanosized gold particles in a suspension. It can be easily
seen that in such a problem quantum physics, chemistry, biology and finally microtechnology are
involved” (Schmid G. et al. Nanotechnology. Assessment and Perspectives. Berlin, Heidelberg:
Springer-Verlag, 2006, p. 440). “Although we were able to develop nonviral gene transfer systems
that were efficient enough to gain commercial success in vitro, the use of this material in vivo
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on the general or may be even “universal” world view — “nanoontology.” “The most
common of these define nanotechnology as the investigation and manipulation of
material objects in the 1-100 nm range, in order to explore novel properties and to
develop new devices and functionalities that essentially depend on that 1-100 nm
range. Whether intentionally or not, this definition covers all classical natural sci-
ences and engineering disciplines that investigate and manipulate material objects,
including chemistry, materials science, solid state physics, pharmacology, molec-
ular biology, and chemical, mechanical and electrical engineering”.” Therefore,
nanoobjects are identified only with ultimate general ontological properties — with
appropriate dimensions irrespective of their nature.

Nanotechnology is not only a new type of scientific-engineering discipline, it
also evolves in a “nonclassical” way.

There are two basic methods for the development of “classical” technical sci-
ences: first, from the new applied research directions of any natural-scientific theory;
and second, they may “bud out” from a corresponding, basic technical theory within
the framework of a “family” of homogeneous scientific-technological disciplines
that has recently emerged and that is oriented toward use in the engineering prac-
tice and design not only of natural sciences, but also for social sciences and the
humanities. The range of design tasks has also been enlarged and now includes the
problems of social and economic, engineering, and psychological, systems and other
aspects. Finally, there appeared such scientific-technical disciplines as are the result
of complicated interdisciplinary processes taking place in the technical scientific
areas. Such scientific-technological disciplines may be referred to as the modern
complex of (“nonclassical”) scientific-technological disciplines. Among them are
systems engineering, ergonomics, systems design, informatics, operations research.
The present complex scientific-technological disciplines represent a reality of con-
temporary science. However, they do not fit into the traditional forms of organization
or methodological standards. It is precisely the sphere of these investigations and
disciplines where an ‘internal’ interaction of social, natural, and technical sciences
is being realized today. These sciences also summarize research and development
(R&D) orientations and form a single R&D establishment (for complex research
and systems design) in the process of accomplishing complex scientific and techni-
cal tasks and solving complex scientific and technical problems. The corresponding
investigations, for example, in the field of artificial intelligence, require a spe-
cial management support and search for new forms of scientific organization (for

did not pan out because of the lack of efficiency and untoward effects found in some biological
systems. To improve this work and to expand the application of synthetic materials to other appli-
cations, a multidisciplinary approach involving chemists, engineers, and biologists is necessary”
(MANAGING NANO-BIO-INFOCOGNO INNOVATIONS: CONVERGING TECHNOLOGIES
IN SOCIETY. Ed. By W.S. Bainbridge and M.C. Roco. National Science and Technology Coun-
cil’s Subcommittee on Nanoscale Science, Engineering, and Technology, 2005. Dordrecht, The
Netherlands: Springer, 2006, p. 128).

9 Schummer J. Cultural diversity in nanotechnology ethics. In: Interdisciplinary science review,
2006, Vol. 31, No. 3, p. 218-219.
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instance, in temporary scientific teams and problem groups). To this type of the
modern scientific-technological discipline belong nanoscience & nanotechnology.

I. Hacking and R. Giere combine structural view (see Fig.16.1) with tech-
nological approach to the understanding of the scientific theory,'® which more
corresponded to the nano scientific research. Ronald Giere understands theory as
a population (family) of models or still better “a family of families of models,”
which can be related to the reality only indirectly. “A real system is identified as
being similar to one of the models.”' In the relation of the theoretical models with
the real systems, technology plays a decisive role.

Like Hacking, “Giere’s constructive realism sees a proof of reality in the suc-
cessfully managed technologies in handling entities (e.g. electrons) that earlier had

Structure core ,,K“

K=<Mp, Mpp, M, C>

Mpp is set of partial potential Models
Mp is set of potential Models
M s set of Models and
Cis set of Constraints

I is set of intended applications of theory, which conditions
I  Mpp must be met.

Basic element of theory ,,T" is T=< K, I >

Hierarchical structure of such elements is the Network ,,N* of the different
elements of this theory.

Fig. 16.1 Structural concept of the scientific theory!!

10 Hacking, 1. Representing and Intervening. Cambridge - New York: Cambridge University Press
1983; Giere, R.N. Explaining Science: The Cognitive Approach. Chicago - London: Chicago
University Press, 1988.

11 Sneed J. The Logical Structure of Mathematical Physics. Dordrecht: Reidel, 1971; Stegmiiller W.
The Structure and Dynamics of Theories. N.Y.-Heidelberg-Berlin: Springer Verlag, 1976.

12 Giere, R.N. Explaining Science: The Cognitive Approach. Chicago - London: Chicago
University Press, 1988, p. 86.
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the status of a theoretical entity, if they are applied to cover and characterize new
models or other theoretical entities. (Nowadays, we routinely use electron rays in
accelerators or in electronic microscopes successfully to accomplish other scientific
tasks. We understand in this technological sense the theoretically postulated elec-
trons, which were earlier mere theoretical entities, now as scientific-technological
real entities.) As electrons and protons are manipulated and applied in big technol-
ogy measurement instruments and appliances to probe and prove the structure of
other elementary particles like gluons, quarks etc., these electrons and protons are
now indeed “real.”!? Hence, “some of what we learn today becomes embodied in
the research tools of tomorrow.”!*

For example such theoretical entities as quantum dots have found applications
in fluorescent biological labels to trace a biological molecule.'® This application of
the quantum dots as marks and contrast agents in the other experiments is a techno-
logical verification and an indirect demonstration of the reality of the quantum dots.
“Nanotechnologies already afford the possibility of intracellular imaging through
attachment of quantum dots or synthetic chromophores to selected molecules,
for example proteins, or by the incorporation of naturally occurring fluorescent
proteins which, with optical techniques such as confocal microscopy and correla-
tion imaging, allow intracellular biochemical processes to be investigated directly”
(Fig. 16.2).'°

The object of the nanoscience exists first of all only as a computer model that
simulates in the definite form the operation of the oncoming system that is to
say designer’s plan. Scientific investigation is always connected with the computer

13 H. Lenk. Grasping Reality. An Interpretation-Realistic Epistemology. N.J., L., Singapore, Hong
Kong, 2003, p. 84-85.

14 Giere, R.N. Explaining Science: The Cognitive Approach. Chicago - London: Chicago
University Press, 1988, p. 140.

15 “Nanocrystals, also called quantum dots (QD), are artificial nanostructures that can possess many
varied properties, depending on their material and shape. For instance, due to their particular elec-
tronic properties they can be used as active materials in single-electron transistors. Because certain
biological molecules are capable of molecular recognition and self-assembly, nanocrystals could
also become an important building block for self-assembled functional nanodevices. The atom-like
energy states of QDs furthermore contribute to special optical properties, such as a particle-size
dependent wavelength of fluorescence; an effect which is used in fabricating optical probes for
biological and medical imaging. So far, the use in bioanalytics and biolabeling has found the
widest range of applications for colloidal QDs. Though the first generation of quantum dots al-
ready pointed out their potential, it took a lot of effort to improve basic properties, in particular
colloidal stability in salt-containing solution. Initially, quantum dots have been used in very ar-
tificial environments, and these particles would have simply precipitated in ‘real’ samples, such
as blood. These problems have been solved and QDs are ready for their first real applications”
(M. Berger. Quantum dots are ready for real world applications. March 21, 2007. Nanowerk LLC -
http://www.nanowerk.com/spotlight/spotid = 1650.php).

16 Nanoscience and nanotechnologies, The Royal Society & The Royal Academy of Engineering,
2004, p. 23.
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Fig. 16.2 (a) Analyte detection by quenching of the quantum dot fluorescence (red) upon binding
of the analyte (black) to the quantum dot surface. (b) By binding an appropriate organic fluorophore
(green) as acceptor to the surface of the donor quantum dot fluorescence resonance energy transfer
(FRET) occurs. FRET is stopped upon displacement of the acceptor dye from the quantum dots
surface by the analyte. (¢) Specific cellular receptors (black) can be labeled with quantum dots that
have been modified with appropriate ligand molecules. (d) If a cell (grey) within a cell colony is
labeled with quantum dots this cells passes the quantum dots to all its daughter cells and the fate
of this cell can be observed'”

simulation and all, what we see in the display, is already determined from some
theory and its mathematical representations that are defined in the software of the
simulation modeling.

Nanoonthology or nano scientific world view has a function of the methodolog-
ical orientation for the choice of the theoretical means and methods to a solution
to the scientific and engineering problems. This allows to change from one expla-
nation and scientific world view to another without any problems. For example, an
electron in one place is considered as a spherical or a point electrical charge, could
be rolled spherically symmetrically over the nucleus or as “the free electrons travel
through an external circuit wire to the cathode” or in “various electron trajectories”.
In another place of this book is written: “one can view the electron charge between
the two atoms of a bond as the glue that holds the atoms together”. In third place
we can read that “the electrons in a nanotube are not strongly localized, but rather
are spatially extended over a large distance along the tube”. And in fourth place
of the same book electrons as in the quantum theory can be viewed as waves: “If
the electron wavelength is not a multiple of the circumference of the tube, it will
destructively interfere with itself, and therefore only electron wavelengths that are
integer multiples of the circumference of the tubes are allowed”.'8

17 From: M. Berger. Quantum dots are ready for real world applications. March 21, 2007. Nanow-
erk LLC - http://www.nanowerk.com/spotlight/spotid=1650.php

18 Ch.P. Pool, Jr., FJ. Owens. Introduction to Nanotechnology. Hoboken, New Jersey: John Wiley
& Sons, 2003, p. 98, 120-121, 128, 243.
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In the so-called “teleological” definition, nanotechnology is defined “in terms of
future goals. To be specific, one needs to provide more than just generic values,
such as health, wealth, security, and so on, and more than just relative attributes like

smaller, faster, harder, and cheaper”.!”

16.3 Nano Systems Engineering

Hence, nanotechnology is both a field of scientific knowledge and a sphere of en-
gineering activity, in other words — NanoTechnoScience® — similar to Systems
Engineering as the analysis and design of large-scale, complex, man/machine, sys-
tems but micro- and nanosystems. “Nanoscience deals with functional systems
based either on the use of subunits with specific size-dependent properties or on
individual or combined functionalized subunits”.?! Nano systems engineering is the
aggregate of methods of the modeling and design of the different artifacts (fabri-
cation of nanomaterials, assembling technology for construction of comprehensive
micro and nano systems, micro processing technology for realizing micromachines
etc.).”? Nano systems engineering as well as Macro systems engineering includes
not only systems design but also complex research. Design orientation has influ-
ence on the change of the priorities in the complex research and of the relation to the
knowledge, not only to “the knowledge about something”, but also to the knowledge
as the means of activity: since the beginning, control and restructuring of matter at
the nanoscale has been a necessary element of nanoscience (Fig. 16.3).%3
“Nanotechnology is the engineering of functional systems at the molecular scale
K.E. Drexler was talking about building machines on the scale of molecules”.>*
“Manufactured products are made from atoms, and their properties depend on how
those atoms are arranged. This volume summarizes 15 years of research in molecu-
lar manufacturing, the use of nanoscale mechanical systems to guide the placement
of reactive molecules, building complex structures with atom-by-atom control. This

19 Schummer J. Cultural diversity in nanotechnology ethics. In: Interdisciplinary science review,
2006, Vol. 31, No. 3, p. 219.

20 Discovering the Nanoscale. D. Baird et al. (Eds). Amsterdam: TOS Press, 2005.

2I'Schmid G. et al. Nanotechnology. Assessment and Perspectives. Berlin, Heidelberg: Springer-
Verlag, 2006, p. 11.

22 “Mlicrosystems engineering and nanotechnology are two disciplines of miniaturization in
science and engineering, which complement each other. Nanotechnology provides access to
so far unused, completely novel effects. Microsystems engineering allows for the develop-
ment of complete systems solutions due to its highly systemic potentials” (The KIT Nano-
and Microscale Research and Technology Center (NanoMikro) — www.fzk.de/fzk/groups/kit/
documents/internetdokument/id_059981.pdf).

2 H. Paschen, Chr. Coenen, T. Fleischer u.a. Nanotechnologie. Forschung, Entwicklung,
Anwendung. Berlin, Heidelberg, New York: Springer, 2004, S. 1, 27.

24 What is Nanotechnology? Center for Responsible Nanotechnology, 2008.
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Fig. 16.3 Schematic diagram of molecular manipulation with the Scanning Tunneling Microscope
(STM)

degree of control is a natural goal for technology: Microtechnology strives to build
smaller devices; material science strives to make more useful solids; chemistry
strives to synthesize more complex molecules; manufacturing strives to make bet-
ter products. Each of these fields requires precise, molecular control of complex
structures to reach its natural limit: a goal that has been termed molecular nanotech-
nology. Our ability to model molecular machines — of specific kinds, designed in
part for ease of modeling — has far outrun our ability to make them”.?

Micro-Nano Systems Engineering is quite a new direction in Systems Engi-
neering. Micro/Nano Systems Engineering or systems engineering for micro and
nanotechnologies is assembling technology for the construction of comprehensive
micro/nano systems, micro processing technology for realizing micromachines,
microelectromechanical systems (MEMS), and microsystems. “The microsystems
field has expanded to embrace a host of technologies, and microelectronics has
now been joined with micromechanics, microfluidics, and microoptics to allow the
fabrication of complex, multifunctional integrated microsystems”. Micro Systems
Engineering is the technologies and capabilities available in this highly interdisci-
plinary and dynamically growing engineering field: “including design and materi-
als, fabrication and packaging, optical systems, chemical and biological systems,

23 E. Drexler. Nanosystems. John Wiley & Sons, Inc., 1998 - I:\Nano\nano0208\ Preface_1.mht
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Nanoscience & Nanotechnology as Technoscience
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Fig. 16.4 The Structure of NanoTechnoScience

physical sensors, actuation, electronics for MEMS and industrial applications”?®

(Fig. 16.4).

Generalized structural schemes came into being by way of generalizing differ-
ent structural schemes: automatic control theory, network theory, switching circuit
network theory, computer logics, and those used in socio-economic case studies are
combined in the so-called structural analysis of complex systems. Such unified ab-
stract structural schemes make it possible to study an object in the most general
form. For example, in the course of structural studies of automatic control systems,
nothing remains but relations, their number, differential order, sign, and configura-
tion. In nanotechnology, there are quantum circuits (Fig. 16.5) or schematic structure

26 Comprehensive Microsystems, Vol. 1-3. Ed. by Yogesh Gianchandani, Osamu Tabata, Hans
Zappe. Hardbound, 2007 - http://www.elsevier.com. See: http://www.me.kyoto-u.ac.jp/micro/
english/laboratory/micromachine/micromachine.htm. “Die Mikrosystemtechnik ist eine der
Schliisseltechnologien des 21. Jahrhunderts. Produkte mit mikrosystemtechnischen Komponen-
ten erobern immer mehr Anwendungsbereiche im téglichen Leben und sind in ihren Potentialen
hinsichtlich Funktionalitit und Wirtschaftlichkeit aus unserem Alltag nicht mehr wegzudenken.
Neue Anwendungsfelder werden erschlossen durch Skalierung der Strukturen in den Nanometer-
Bereich” (Prof. Dr.-Ing. H. Vogt. Micro and Nano Systems Engineering. - file:///F:/nano/
veranst_veranstaltung_473.htm).
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Fig. 16.5 (a) Quantum dot coupled to an external circuit through source and a drain leads.
(b) Quantum dot coupled through source and a drain leads to an external containing an applied
bias voltage Vg, with an additional capacitor-coupled terminal through which the gate voltage V,
controls the resistance of the electrically active region. Ch.P. Pool, Jr., FJ. Owens. Introduction to
Nanotechnology. Hoboken, NJ: Wiley, 2003, p. 245, 246

of the single-electron box*’. See also as example of such schemes the schematic di-
agram of the experimental setup of the Single-Atom Transistors — Fig. 11.1(a)?®.

Generalized algorithmic schemes were applied in cybernetics and in the trans-
formation of matter, energy, and information. Actually, they are idealized repre-
sentations of any system’s functioning and are the starting point for computer
programming (they are related to the respective functional schemes in the theory
of programming). Further manipulation of the model can be done in the simulation
languages adequate for the problem. An algorithmic scheme of model (system)
functioning is then developed on the basis of the structure given. It is automatically
translated into machine code, and in turn, corresponds to a functional (mathemati-
cal) scheme. In nanotechnology, such generalized algorithmic schemes can be, for
example, the algorithm of lithography (Fig. 16.6) and the algorithm of the transmis-
sion electron microscope image processing®’.

The dual orientation of nanotechnology both toward scientific research into
natural phenomena and toward production, the embodiment of a conception by
artificial means, by purposeful creative work, makes nanotechnology look at any

%7 See schematic structure of a single-electron box, consisting of a quantum dot (island), an electron
connected to the dot through a tunneling junction, and an electrode coupled to tile dot through an
ideal, infinite-resistance, capacitor and equivalent circuit of the single-electron box in: Schmid G.
et al. Nanotechnology. Assessment and Perspectives. Berlin, Heidelberg: Springer-Verlag, 2006,
p. 149.

28 See: Ch. Obermair, F. Xie, R. Maul, W. Wenzel, G. Schon, and Th. Schimmel. Single-Atom
Transistors: Switching an Electrical Current with Individual Atoms. In this book, p. 115.

2 See, for example: transmission electron microscope image processing “for a Ni particle on a
SiO, substrate, showing (a) original bright-field image, (b) fast Fourier transform diffraction-
pattern-type image, (c) processed image with aperture filter shown in inset, (d) image after further
processing with aperture filter in the inset, (e) final processed image, (f) image of SiO, substrate
obtained by subtracting out the particle image, and (g) model of nanoparticle constructed from the
processed data” (in: Ch.P. Pool, Jr., FJ. Owens. Introduction to Nanotechnology. Hoboken, New
Jersey: John Wiley & Sons, 2003, p. 50).
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Fig. 16.6 Steps in the formation of a quantum wire or quantum dot by electron-be lithography: (a)
initial quantum well on a substrate, and covered by a resist; (b) radiation with sample shielded by
template; (c) configuration after dissolving irradiated portion of resist by developer; (d) disposition
after addition of etching mask; (e) arrangement after removal of remainder of resist; (f) config-
uration after etching away the unwanted quantum-well material; (g) the final nanostructure on
substrate after removal of etching mask

product it develops as a natural—artificial system. On the one hand, nanosystem is
a phenomenon that obeys the laws of nature, and on the other, an object that needs
to be created artificially (e.g., a nanomachine): “. .. the focal point of nanotechnol-
ogy is to produce artificial objects that are more useful for human purposes than
natural ones”.?° In turn, the situations artificially embodied in an experiment must
themselves be presented and described scientifically as natural processes. Hence, in
an experiment of the classical natural science, even the one clearly oriented toward
engineering thought, emphasis must be laid mainly on its natural aspect. Traditional
engineering, however, emphasizes the artificial aspect, although the engineer him-
self has a mixed, artificial and natural, attitude. This fact can be explained primarily
by the differences between experimental research and engineering practice. The
main objective of an experiment is to demonstrate and confirm by artificial means
the physical laws derived theoretically, whereas engineering is aimed at developing,
based on these laws, the artificial technical means designed to satisfy a specific hu-
man need. In nanotechnology, these two positions are so inextricably intertwined
that scientific experiment becomes a design of the nanosystems. Thus, if nanotech-
nology applies scientific knowledge to the creation of nanosystems, it is in the
“artificial-natural—artificial” position, but if it develops devices to conduct exper-
iment in order to substantiate this knowledge, it is in the “natural—artificial-natural”
position. It means mutual influence of complex research and systems design, which
has different functions and plays different roles in NanoTechnoScience.

30 G. Schiemann. Nanotechnology and Nature. On Two Criteria for Understanding Their Rela-
tionship. In: HYLE-International Journal for Philosophy of Chemistry, Vol. 11, No.l (2005),
pp. 77-96. - http://www.hyle.org
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microhardness, 45, 68

Micropumps, 165

microscale fluidic networks, 162
microstructure, 45, 68
microstructure of film surfaces, 70
microsystems, 202

Microwires, 92

modular lab-on-a-chip system, 185
molecular cytogenetic studies, 182
molecular cytogenetics, 182
molecular manufacturing, 202
molecular nanotechnology, 202
Monolayer GB Segregation, 81
Moreover, for a long-wavelength oscillation, 6
morphology, 90

morphology of copper deposits, 96
mount and the holding clamp had, 152, 156
multiband behavior, 26

multigap superconductivity, 27
multilayer segregation, 75
multilayer systems, 97

multiple reentrant behavior, 9

N

n-type Si, 139

nano scientific world view, 200
Nano systems engineering, 201
Nano-scale electronic, 196
nano-wiring, 89

nanochemical reactions, 172
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nanometer grain structure, 85
Nanoonthology, 200
Nanoontology, 193, 194
Nanoporous Gold, 130
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nanoporous structure, 126
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nanostructuring of ferrite, 45

Nanotechnology, 194

NanoTechnoScience, 193

nanotubes, 18

natural-artificial system, 204

natural-artificial-natural position, 205

Navier—Stokes-Equation, 169

Neel temperature, 21, 25

network theory, 202

nickel-borocarbide, 21

nonadsorbing electrolyte, 133

nonaqueous electrolyte, 130

noncontact heating, 174

nonequlibrium phases, 85

nonlinear optical properties, 30

nonlinear solution, 36

nonlinearity, 30

Nonmechanical pumps, 166

nonmechanical pumps, 165

nonstationary behavior, 33

nonstationary transmissions, 37

Not only the conductance observed by
closing the, 117

Nyquist plot, 140
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Off-stoichiometric cementite, 53
off-stoichiometry cementite, 48
one-gap approach, 24
one-dimensional nanomaterial, 41
optical bistability, 29

oscillations of exciton density, 33
overall conductivity, 84

P

partial plastic flow and material, 69
particle charging, 61

particle mass concentration, 64
Particle number concentration, 63
pearlite colonies, 50

pearlitic steel, 42, 48

periodical nanostructured films, 97
Perovskite-type oxides, 84

phase diagrams, 75

phase shift, 18

phase transfer pumps, 167

phase transformations, 75
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photoemission spectroscopy, 17
photogenerated holes, 141
photoinduced dissolution, 141
piezoelectric substrate, 171, 175
pile-up zone, 72

plasma-assisted growth, 104, 109
plasma-enhanced, 104
plastic—elastic recovery, 72
polarization, 29, 30, 156

polymerase chain reaction, PCR, 172
pore etching, 139

positional cloning, 182

powder sintering, 86

printable macroelectronics, 136
programmable fluidic microprocessor, 161
programmable microfluidic chip, 176
Proteins under Flow, 179

purification effect, 83

Q

quantum devices, 122
quantum dots, 199
quantum interference effects, 14

R

Rashba SO interaction, 17

Rashba spin-orbit interaction, 19
redistribution of carbon atoms, 50
redistribution of stresses, 73

reentrance, 6

reentrant behavior, 23

reentrant behavior of superconductivity, 9
reentrant superconductivity phenomenon, 10
research and, 197, 198

resistance, 84

resistance measurements, 8

resonant laser radiation, 30

Reynold’s number, 169

Rutherford backscattering spectrometry, 7

S

S/F proximity effect, 4

saddle, 32

SAW-driven microfluidic chip, 177
scaling up, 196
scientific-technological disciplines, 197
secondary phase, 79

segregation effect, 90
self-consistent calculation, 132
self-organization, 97

serpentine channel, 175

211

Sharvin conductances, 8

short electric pulses, 43

silver point contacts, 115

Single-atom transistors, 113

single-gap approach, 23

small fluid volumes, 161

small-amplitude oscillations, 33

solid electrolyte, 80

solid oxide fuel cells, 145

source-drain conductance, 116

spatiotemporal oscillations, 93

Stationary On-chip PCR, 173

stationary single chamber, 175

stationary solutions, 32

stationary values, 32

strain rate, 49

strain-induced cementite dissolution, 42

subthreshold swing, 134

superconducting coherence length, 8

superconducting spin switch, 10

superconductor—ferromagnetic metal (S/F)
contacts, 3

supershort pulses, 29

surface acoustic wave, 166

surface acoustic waves, 170, 175

surface carrier density, 18

surface charge carriers, 17

surface charge density, 126

surface diffusion flux, 105

switching circuit network theory, 202

Systems Engineering, 201

T

technoscience, 194

temperature gradient, 175

The mean field penetration, 126

theoretical entities, 199

thermal convection, 175

thermal degradation processes, 145

thin semiconductor films, 29

tight-binding-like conductance calculations,
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time evolution of the exciton density, 34

time evolution of the system, 33

tissue engineering, 163

transmission, 29

transmission function, 35

transmittance, 37

transmitted pulse, 35

transmitted radiation, 33

tunneling spectroscopy, 26

two-gap approach, 24

two-dimensional patterns, 95
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Ulitovsky fabrication process, 15

Ulitovsky technique, 15

ultrafine particle collection, 57

Ultrasonic pumping, 165

ultraspeed control, 29

Ultrathin films, 127

ultrathin layer, 92, 95

ultrathin layer electrodeposition, 100

Under the optimal pore growth conditions this
is solely, 141

unipolar particle charging, 64

upper critical field, 23
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Van der Pauw method, 131
variable thickness, 6

velocity field of the flow, 169
virtual liquid test tube, 176
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viscosity, 169
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water layer, 157
wave-like morphology, 97
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weak pulse, 35
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