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Foreword

For many, in the 1980s and early 1990s, the accidental discovery of carbon-based
fullerenes and nanotubes heralded the beginning of the nanoscience and nanote-
chnology revolution. These unique materials promised new chemistries, diverse
electronic and thermal properties, extreme mechanical behavior, and novel optical
response. Today, a number of applications have been commercially realized and the
future, especially for carbon nanotubes, looks bright.

What makes these materials so special? One key feature is the sp? chemical bond,
the strongest in nature. This hybridized bond is what binds together the carbon atoms
in planar graphene and it is even stronger than the tetrahedral sp’ bonds of diamond.
This is the basis for the exceptional strength and stiffness of nanotubes. A second
key feature is the relatively light mass of carbon, which, when combined with strong
bonds, leads to high vibrational frequencies and transport anomalies such as high
thermal conductivity. A third feature is the intrinsic low-dimensional nature of the
materials. Carbon nanotubes serve as ballistic, one-dimensional quantum wires.

In the periodic table of the elements, carbon is flanked by boron and nitrogen. As
it turns out, boron and nitrogen also form exceptionally strong sp? bonds, leading to
planar BN configurations. Hexagonal BN, structurally similar to naturally occurring
graphite, was synthesized in the early nineteenth century. BN-based planar materials
are quite diverse. When combined with carbon, a host of different B-C—N configu-
rations are possible. Many B—C—N-based planar compounds were first synthesized
by N. Bartlett at the University of California at Berkeley in the 1970s and 1980s.
The discovery of carbon nanotubes led researchers to investigate the possibility of
nanotubes formed from other materials. In 1994, M. Cohen, a theorist at Berkeley,
predicted that various B—C—N-based nanotubes should be stable, including pure
BN nanotubes. Shortly thereafter, BN nanotubes were experimentally realized
by A. Zettl, again at Berkeley, in 1995. Hence, the discovery of BN nanotubes was
not an accident. Other B-C—N-based nanotubes and nanoparticles (such as nanoco-
coons) have also been synthesized, including those with BC, and BCN stoichiom-
etry. Generally, B-C—N nanomaterials development has been theoretically guided
much more strongly than has carbon nanomaterials development.

B—C-N nanotubes and nanoparticles form an exciting materials set with a
phenomenally rich set of physical properties. Pure BN nanotubes are uniformly
semiconducting with a large bandgap, independent of diameter, chirality, or wall
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number (this is in sharp contrast to carbon nanotubes, where the electronic prop-
erties are strongly influenced by geometrical subtleties). However, application of
transverse electric fields to BN nanotubes, or mechanical deformation, depresses
the local bandgap, opening up the possibility of external voltage-tuned optical com-
ponents or sensitive transducers. BC,N nanotubes are predicted to support helical
currents. BC, nanotubes are predicted to be insulating in isolation but metallic in
bundles. Doped BN nanotubes are excellent, stable electron field emission sources.
BN nanotubes are useful as hydrogen storage media, with H,-binding energies
significantly larger than those for carbon nanotubes. BN nanotubes have unusual
exciton configurations as well as unique spin states, and have exceptional thermal
conductivity properties. They can easily be chemically functionalized and are
noncytotoxic to living cells; hence, they have important biological applications.
B—C-N materials also typically have extreme resistance to chemical degradation
and oxidation; BN nanotubes are extremely stable at high temperatures.

Why then, with all the wonderful characteristics of B-C-N nanomaterials, are
they relatively unknown compared with pure carbon nanomaterials? One reason is
that B-C—-N nanotubes and nanoparticles are harder to synthesize than their carbon
counterparts. The synthesis temperatures are typically higher, and boron and nitro-
gen containing precursor materials are more difficult to work with, than those for
carbon. Researchers and industrialists today wishing to study or implement B-C-N
nanomaterials have limited options for obtaining these materials from commercial
vendors. Another reason for the less popular image of B-C—N nanomaterials is
that the relevant scientific literature is scattered amongst many different journals,
theses, and lectures. In sharp contrast to carbon-based nanomaterials, for which
many reference books exist, none such single volume has existed for B-C—N nano-
materials, and reliable information is hard to find.

Hence, this volume on B—-C—N nanotubes and nanostructures, superbly edited
by Yoke Khin Yap, serves a critical need. It brings together under one cover the
full spectrum of B-C—N-based nanomaterial, from theoretical models to synthesis
techniques to characterization and application. Chapter authors are leaders in the
field, and they have done a magnificent job of distilling the most exciting and
most important topics, and presenting them in clear, tractable fashion. This volume
represents the first comprehensive book on B—-C—N nanomaterials including pure
BN, BXC)NZ, CN, BC, and boron, and will no doubt become a classic reference.
The B—C-N field is in its infancy with great science and applications potential; this
volume will surely facilitate rapid expansion of the field.

Berkeley, CA Alex Zettl



Preface

The arrangement of carbon atoms differentiates a pencil lead from pricey diamonds.
New carbon materials such as fullerenes, carbon nanotubes, and graphene have
attracted tremendous research interest and have led to a Nobel Prize. Clearly, the
change of bond hybridization and molecular packing among carbon atoms can
make very exciting new materials. Materials in the boron nitride (BN) system are
structurally similar to the carbon solids. However, carbon and BN materials have
different properties. For instance, graphite is a conductor while hexagonal-BN is
an insulator. Hybridization of the carbon and BN phases (boron carbon-nitride,
BCN or BXC},NZ) was predicted to create another series of novel materials with tun-
able properties intermediate to that of their precursors.

Materials within the B-C-N triangular zone offer new vistas for materials
research. They include nanostructures of carbon, boron, and compounds constructed
of multiple elements using B, C, and N atoms, the smallest atoms that can form the
strongest covalent bonds in solids. Clearly, the ability to control bond hybridization,
molecular packing, and composition of these materials is important in the creation
of new materials. Significant research efforts have been invested in the B-C-N area
in the past decade. However, there is no comprehensive reference available for the
scientific community. Since this research area has been growing significantly in the
past few years, a group of experts have came together in the making of this refer-
ence book on B-C-N nanotubes and related nanostructures.

This is the first book emphasizing the latest research on B-C-N nanomateri-
als, which will complement the many volumes devoted to carbon nanotubes. The
contents cover all possible materials within the B-C—N triangular zone: Carbon,
BN, BCN, carbon nitrides (CN), boron, boron carbide (B C ), and doped carbon
nanostructures. The first chapter provides fundamental background on all B-C-N
materials, which is reviewed in detail in subsequent chapters. The chapter by Wang
et al. focuses on multiwalled boron nitride nanotubes (BNNTs). This chapter is
followed by a review of single wall BNNTs. The chapter by Arenal and Loiseau
also summarizes the latest understanding of single wall nanotubes of BN, CN, BXCy,
and B C N_. The chapter by Blasé and Chacham outlines theoretical findings on the
electromc propertles of BNNTSs, nanotubes of B C N and novel heterojunctions of
CNTs and BNNTs. The chapter by Wirtz and Rub10 complements the chapters by
Wang et al., Arenal and Loiseau, and Blasé and Chacham by reviewing the phonon

vii
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and optical properties of BNNTs. The chapter by Oku focuses on interesting BN
nanostructures such as nanocages and nanohorns. The chapter by Yu and Wang
describes experimental efforts on interesting nanostructures of CN and B CN,,
which are different from those discussed in the chapter by Arenal and Loiseau. The
chapter by Filho and Terrones summarizes efforts on modified CNTs, an emerging
area closely associated with CNTs. Finally, the chapter by Lau et al. reviews both
experimental and theoretical efforts on boron and boron carbide materials. All these
chapters have been carefully planned to fulfill the goal of providing a comprehen-
sive reference book on B-C—N nanomaterials.

The volume editor acknowledges the superior contributions from all participating
authors, which has made the successful and timely completion of this book
possible.

Houghton, MI Yoke Khin Yap
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Introduction to B-C-N Materials

Chee Huei Lee, Vijaya K. Kayastha, Jiesheng Wang, and Yoke Khin Yap

Abstract B—C-N is an emerging material system consisting of novel nanostructures
of boron (B), carbon (C), boron nitride (BN), carbon nitride (CN ), boron-carbon
nitride (B C N ), and boron carbide (B C ). These B-C-N materials are sometimes
called as frontier carbon materials, because of their flexibility in forming materials of
various types of hybridizations similar to those in the pure carbon system. This chapter
provides a concise introduction on all these materials. Readers are referred to various
references and other chapters compiled in this book for further reading.

1 Introduction

The arrangement of carbon atoms differentiates a pencil lead from a pricey diamond.
Pencil leads consist of graphite where carbon atoms are sp? hybridized with three
covalent bonds (c-bond) forming the hexagonal network called graphene. These
graphene sheets stack in the ABABAB... manner and bonded by the weak van der
Waals forces. In diamonds, carbon atoms are sp’ hybridized for four c-bonds in a
tetrahedral configuration. Graphite is soft, semimetallic, and dark (zero energy band
gap), while diamond is super-hard, insulating, and transparent (band gap = 5.4 eV).
In the past three decades, new carbon materials such as fullerenes [1] and carbon
nanotubes (CNTs) [2] have attracted tremendous research interest and have lead to
a Nobel Prize (Robert F. Curl Jr., Sir Harold W. Kroto, and Richard E. Smalley) [3].
Although fullerenes and CNTs are having bonding similar to graphite, they are
packed into spherical and cylindrical structures, respectively. Clearly, the change of
bond hybridization and molecular packing among carbon atoms can make very
exciting new materials.

C.H. Lee, V.K. Kayastha, J. Wang, and Y.K. Yap (><)

Department of Physics, Michigan Technological University, 118 Fisher Hall,
1400 Townsend Drive, Houghton, MI 49931, USA

e-mail: ykyap@mtu.edu

Y.K. Yap (ed.), B-C-N Nanotubes and Related Nanostructures, 1
DOI: 10.1007/978-1-4419-0086-9_1, © Springer Science + Business Media, LLC 2009
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Materials in the boron nitride (BN) system are structurally similar to the carbon
solids. We have hexagonal phase-BN (h-BN), cubic phase-BN (c-BN), and BN
nanotubes (BNNTSs), which are analogous to the graphite, diamonds, and CNTs,
respectively. For comparison, the bond lengths of carbon and BN materials are
listed in Table 1. As shown, C—C and B-N bonds are quite close in bond lengths.
However, these carbon and BN materials have different physical properties. For
instance, graphite is a conductor, while ~-BN is an insulator. Hybridization of the
carbon and BN phases is predicted to create another series of novel materials called
boron carbon-nitride (BCN or B C N)) with physical properties intermediate to that
of their precursors [10]. It is possible to tune the physical properties of these
hybrids by controlling their atomic compositions.

Materials within the B—-C-N triangular zone offer new vistas for materials
research. They include bulks, thin films, nanotubes, and new nanostructures of
carbon, boron, or compounds constructed of multiple elements using B, C, and N
atoms: the smallest atoms that can form the strongest covalent bonds in solids.
These materials are sometimes called as frontier carbon materials because of their
flexibility to form various covalent bonds such as those in pure carbon solids [11].
Figure 1 summarizes all possible materials within the B-C-N triangular zone.
Clearly, the ability to control bond hybridization, molecular packing, and composi-
tion of these materials is important to create new materials. They could possibly be
useful for protective coatings, high-power electronics, nanoelectronic, and nanoscale

Table 1 Bond lengths for sp? and sp’ hybridization carbon and boron nitride
(BN) bonds [4-9]

Bond lengths/nm

Bonds sp? sp? between two hexagonal plane
Cc-C 0.142 0.154 0.355
B-N 0.145 0.157 0.334

Carbon

Boron carbide ( B.\AC}. ) Carbon Nitride ( C'\./\{r )

Boron Nitrogen

Boron Nitride
(BN)

Fig. 1 The B-C-N ternary material system
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sensing devices, which are indispensable materials for nanotechnology and the
advancement of science in the twenty-first century.

In this chapter, a brief introduction on carbon, BN, boron, boron carbide, carbon
nitride (CN ), and B C N_materials is presented.

2 Carbon

Carbon is the sixth element in the periodic table, and is the lightest element in the
group IV of the periodic table. A carbon atom has a total of six electrons out of
which four are in the valence bands. The electronic configuration of a carbon atom
can be written as /5°2s?2p?. In carbon, orbital energy difference between 2s and 2p
orbitals is small in comparison to the energy released during bond formation. So 2s
and 2p orbitals can intermix with each other during the bond formation process.
This phenomenon is known as hybridization. If one “s” orbital mixes with n
number of “p” orbitals, then it is called sp” hybridization where n =1, 2, 3. These
hybridized orbltals possess different geometrical shape. For example, sp’ hybridized
orbital has linear shape, sp? possesses trigonal planar shape, and sp’ possesses
tetrahedral symmetry.

Because of the flexibility in forming various type of hybridization, carbon can
appear in several allotropes including the well known graphite, diamonds, and
amorphous carbon. We will briefly introduce graphite, diamonds, C,, graphene,
and CNTs as examples. In particular, we will discuss a few aspects of CNTs with
more details since it is the basis of other form of nanotubes to be discussed in other
chapters of this book.

2.1 Graphite and Graphene

Graphite is a soft carbon allotrope, which is made of sheets of hexagonal carbon
networks. These carbon sheets are known as graphene. As shown in Fig. 2a,
graphene sheets in graphite are stacked in a ABAB... sequence or Bernal stacking.
In this arrangement, alternate planes are shifted relative to each other. The in-plane
distance between two nearest carbon atoms (a_ ) is 1.42 A, and the in-plane lattice
constant (a ) is 2.462 A (in- plane dlstance between two alternative carbon).
The C-axis lattice constant (c,) is 6.708 A (out-of- plane distance between two
alternative graphene sheets). These graphene sheets are separated by the interlayer
spacing of ¢,/2 = 3.354 A. As we have discussed, carbon atoms within a graphene
sheet are sp? hybridized. These carbon bonds are stronger than those sp® bonds in
diamonds. Free carbon atom (C) will have six electrons occupied the /s, 2s, ZpX,
and 2p orbitals. The hybridized carbon atom (C") in graphite will have their
electrons occupied at /s, three sp?, and one 2p_orbitals. These electronic configurations
are shown as follows: )
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a
A
.| o——do—od
6.708A : &
%, =
A

1.421A

Fig. 2 Crystal structures of (a) graphite and (b) diamonds

TLNTT NTTTT

ls 25 2p, 2p, 2p. s sp® sp” sp 2pz

The three electrons in the sp? orbitals are involved in the strong in-plane 6-bonds
with a uniform bond angle (120°). The electrons in the 2p_orbitals will form delocalized
n-bonds and are responsible for the electrical conductivity of graphite. Because of
the small overlapping of valence and conduction band (0.04 eV), graphite are semi-
metals and have fewer charge carriers than metals. The softness of graphite arises
from the weak van der Waals forces between adjacent graphene sheets.

2.2 Diamond

Diamond is the hardest known material on earth. Carbon atoms in diamonds are
bonded with sp?® hybridization and packed in a face-centered cubic (fcc) lattice. The
electronic configuration of ground state carbon (C) and sp® hybridized carbon (C)
are shown as follows:

N T 7 NTTTT

Is 2s 2p 2p, 2p, Is sp® sp’ sp® sp’

The hardness of the diamond is attributed to the strength of the interlocking covalent
bonds between its constituent carbon atoms. The interatomic spacing in diamond is
1.5445 A, and the bond angles are all 109° as shown in Fig. 2b. Since all the
valence electrons in diamond are involved in the formation of o-bonds, diamond
has very poor electrical conductivity.
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23 C F ullerene

The C, molecules, also known as the Buckminsterfullerene, were discovered in
1985 [1]. These molecules are having hollow sphere structures with 60 carbon
atoms forming strong sp’ covalent bonds with each other. Each C  molecule
contains 12 pentagons and 20 hexagons, with carbon atom in each corner as shown
in Fig. 3. The van der Waals diameter of a C, molecule is about 1 nm, while the
nucleus to nucleus diameter of a C,, molecule is about 0.7 nm. The C,, molecule
has two bond lengths, corresponding to the hexagons and pentagons. Its average
bond length is 1.4 A.

2.4 Carbon Nanotubes

The structure of CNTs was revealed in 1991 [2]. CNTs are seamless one-dimensional
cylindrical rolls of graphene sheets. Single-wall carbon nanotubes (SWCNTSs) are
referring to such cylindrical molecules with single layer of graphene sheet.
Multiwalled carbon nanotubes (MWCNTSs) are coaxial rolls of multiple graphene
sheets. MWCNTSs were detected in 1991, and SWCNTSs were identified two years
later [12, 13]. SWCNTs were then found to have the bundling tendency due to the
van der Waal forces between nanotubes [14]. Although CNTs are constructed by
the conducting graphene sheets, they can be either semimetallic or semiconducting,

Fig. 3 Structure of a C,; molecule. This is a file from the Wikimedia Commons
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depending upon their structures [15-19]. The typical diameter for SWCNTs is ~1.4
nm. However, CNTs with a diameter of 0.4 nm have also been reported [20].

Quantitatively, the structure of a SWCNT can be expressed in terms of a unit cell
[15] defined by the chiral vector C,= na, + ma,. In this case, a, and a, are unit vec-
tors, and n and m are integers often written as (n, m) to represent the chirality of a
SWCNTs as shown in Fig. 4. The magnitude of the circumference is thus given by
|C, | = a (n’+ m?+ nm)”, where “a” is the length of the unit vectors and is equal to
2.46 A. For example, on the one hand, SWCNT (10, 0) can be constructed by
folding the graphene sheet in Fig. 4 along the direction of a, so that (0, 0) and (10,
0) will join together. In this case, C, is parallel to a, and forming a zero chiral angle
(6= 0°). This type of SWCNTs is called zigzag nanotubes, where (n, 0). On the
other hand, SWCNT (6, 6) can be formed by folding the graphene sheet so that
(0, 0) and (6, 6) will join together. In this case, the chiral angle 6 = 30°. This type
of SWCNTs is called armchair nanotubes and can be represented by (n, n).
SWCNTs with 0° < 8 < 30° are called chiral nanotubes, for example SWCNT (7,
5). For all cases, the diameter of a SWCNT is given by

C a(n®* +m* +nm)"?
d =—t= ( ) and

050202020,
o2020% %
0502020268
0002098
':9@@@...‘.
.@@9@.....
.‘9@9@9....
.’.@9@@9@.‘..
.@9@9@9@.’.
956, '@9@.’..
CHEEVCWIL

Fig. 4 Vector (n, m) of SWCNTSs on a graphene sheet
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Figure 5 illustrates the appearances of (10, 0), (6, 6), and (7, 5) of SWCNTs.
It was found that all armchair tubes are semimetallic like graphite. One third (1/3)
of zigzag and chiral tubes are semimetallic (when n — m= 3p, p= integer) otherwise
are semiconducting. As for the case of MWCNTs, they are always semimetallic,
irrespective of their diameters and chiralities.

The synthesis techniques for CNTs have been widely investigated. These techniques
include arc discharge [2], laser ablation [21], and chemical vapor deposition
(CVD). Currently, the most well receiving technique is CVD, which was evolved
from the high-temperature approaches (~1,000-1,200°C) using CH, [22, 23] or CO
[24] feedstocks to the recent low temperature approaches (600-800°C). The low
temperature approaches prevented aggregation of catalyst nanoparticles and have
lead to high-density vertically-aligned grow mode, which requires high density of
active catalyst [25, 26]. There are various low-temperature approaches including
the use of water vapors [27], oxygen plasma [28], and ethanol [29]. The authors
have shown that vertically-aligned single and double-walled CNTs can be grown
using C,H, source gas without the need of water, plasma, or ethanol as shown in
Fig. 6 [30]. This success was obtained by controlling dissociative adsorption of
C,H, molecules by low flow rates and carrier gases [25, 26].

Fig. 6 Vertically-aligned (a) single, (b) double, and (c) multiwalled CNTs
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As discussed SWCNTs can be semimetallic or semiconducting with various
band gaps depending on their chiralities. Thus it is important to characterize their
chiralities prior to device fabrication. Raman spectroscopy can be used to estimate
the diameters of SWCNTs from the radial breathing mode (RBM) but not the exact
(n, m). Spectrofluorometry is a powerful tool for identifying the chirality [31].
For spectrofluorometry analysis, a well-dispersed aqueous solution of SWCNTSs is
prepared, and a light with certain excitation wavelength is incident on the solution.
The semiconducting SWNTs undergo absorption and emission transitions, as
shown in the Fig. 7a. Since certain fluorescence wavelengths will be emitted with

U0
4-/
, / Iconductlon
24 — C, -
e
1 F r 4 ci A
5 E,, emission E..
2 01 absorption]|
w

Excitation wavelength (nm) [v.— ¢, tansition] ©°

Fig. 7 (a) Schematic density of electronic states for a single nanotube structure. Solid arrows repre-
senting the optical excitation and emission transitions. Dashed arrows denote nonradiative relaxation
of the electron (in the conduction band) and hole (in the valence band) before emission. (b) Contour
plot of fluorescence intensity vs. excitation and emission wavelengths for a sample of SWNTs.
(Courtesy of R. B. Weisman, Original figure from [31]. Reprinted with permission from AAAS)
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particular wavelength of excitation light, the chiral indices (n, m) can be obtained
by referring to the density of states (DOS) of particular SWCNTSs. The relation of
the excitation and emission wavelengths can be plotted as a fluorescence contour
plot as shown in Fig. 7b. The relative intensity of the spectral peaks reveals the relative
quantity of each type of semiconducting SWCNTs. However, spectrofluorometry
cannot identify the chirality of the semimetallic SWCNTSs as they do not produce
any fluorescence.

3 Boron Nitride

BN is constructed by boron (B) and nitrogen (N) atoms, the group III and V elements
next to the group IV carbon (C) in the Periodic Table of Elements. Since B-N bonds
and C—C bonds are isoelectronic (having the same number of electrons), BN materi-
als are expected to form similar covalent structures to the carbon allotropes. The elec-
tronic configuration of ground state B and N atoms and hybridized B-N bonds are
shown as follows:

NN T NN Tt

ls 25 2p 2p, 2p ls 25 2p 2p, 2p,

, T TT AN T T 7
forsp® — B —— N —————
Is sp” sp~ sp” 2p, Is sp® sp” sp 2p,
; T T TiTi T
forsp’ » B ————5— N ——————
s sp® sp® sp® sp®’ Is sp’ sp’ sp’ sp’

For both sp? and sp’ cases, one can observe that an additional electron is localized
at the nitrogen atoms. Although all the electrons in the hybridized orbitals will
redistribute to form the desired bonds, these covalent bonds are having some ionic
nature, more electronegative at the nitrogen site. In fact, BN can appear in hexagonal
phase (h-BN), cubic phase (c-BN), rhombohedral phase (r-BN), and wurtzite phase
(w-BN) as shown in Fig. 8 [32]. These phases are similar to hexagonal graphite
(ABAB.), cubic diamonds, rhombohedral graphite (ABCABC...), and hexagonal
diamonds (Lonsdaleite).

3.1 Phases of Boron Nitride Crystals

h-BN are constructed by layers of hexagonal BN networks with lattice constants (a
=2.504 A, ¢, =6.661 A) comparable to those of graphite (a,=2.458 A, ¢, =6.696 A)
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[0001]

Fig.8 Graphical representations of (a) h-BN, (b) r-BN, (¢) w-BN, and (d) c-BN phases. (From [32],
Reprinted with permission from American Physical Society)

[33, Original data in 1952]. These 4-BN layers are arranged on top of each other in
an AA’AA’.... sequence, such that B atoms in one layer are bonded to N atoms in
the adjacent layer by electrostatic interaction as shown in Fig. 8a. Rhombohedral
phase-BN (7-BN) is different from 2-BN mainly in the aspect of stacking sequence
as shown in Fig. 8b [34]. The stacking sequence of r-BN is threefold (ABCABC...),
and hexagonal BN rings are not perfectly overlapped with those in adjacent
BN layers.

Both wurrzite phase-BN (w-BN) and ¢-BN belong to sp’-bonded phases. w-BN
is arranged in a hexagonal unit cell with puckered layers of hexagonal networks
as shown in Fig. 8c [35]. The interplanar gap is much smaller than sp? phases such
as h-BN and »-BN. ¢-BN [36, 37], another sp’-bonded phase, possesses the Zinc
Blende structure as shown in Fig. 8d. It consists of tetrahedrally-bonded boron and
nitrogen atoms with their {111} planes settled in a trilayer (ABCABC...) stacking
sequence. The structural parameters of the four BN phases are summarized in
Table 2 [38] In addition to these four BN phases, another form of BN is called
turbostatic phase-BN (z-BN) [39], which can be considered as a disordered 4-BN
or r-BN phase.
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Table 2 Structural properties of four boron nitride phases

Phase  Hybridization  a (A) b(A) Space group Stacking sequence
h-BN  Sp? 25043 6.6562  P6/mmc (194) AAAA’..

c-BN  Sp’ 3.6153 F43m (216) ABCABC...

-BN  Sp? 2.5042  9.99 R3m (160) ABCABC...

w-BN  Sp’ 2.5505  4.21 P6.mc (186) AAAA’...
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Fig. 9 Vector (n, m) of SWBNNTSs on a #-BN sheet

3.2 Boron Nitride Nanotubes

Seamless nanocylindrical rolls of #-BN sheets can be formed and are called BNNTs
[40, 41]. Depending on the number of #-BN sheet involved, BNNTSs can be single-
walled (SW) with only single layer of #-BN sheet, or multi-walled (MW) that are
constructed by several concentric #-BN sheets. An important difference between
BNNTSs and CNTs is that the band gap of BNNTSs (~5 eV, theoretically) is insensitive
to their chirality, number of walls, and diameters. As shown in Fig. 9, the chirality
of SWBNNTS can be assigned in identical way as for SWCNTSs. The convention of
the unit vectors in this figure is chosen in the way consistent to that to be discussed
in the chapter by Blasé and Chacham of this book. Again, (n, m) integers are
assigned to represent the structures of SWBNNTs. SWBNNTSs (n, 0) are zig-zag
nanotubes, SWBNNTS (n, n) are armchair nanotubes, and others are chiral nanotubes.
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As examples, the atomic arrangements of (a) zigzag (10,0), (b) armchair (6,6), and
(c) chiral (7,5) SWBNNTs are illustrated in Fig. 10. Images of SWBNNTS, double-
walled BNNTs, and MWBNNTs as detected by transmission electron microscopy
are shown in Fig. 11 [42]. Further readings on BNNTSs and related nanostructures
are available in the chapters by Wang et al., Arenal and Loiseau, Blasé and
Chacham, Wirtz and Rubio, and Oku et al.

Fig. 11 Images of transmission electron microscopy of single, to six-walled boron nitride nano-
tubes (left to right). (Courtesy of A. Zettl, Original figure from [42]. Reprinted with permission
from American Institute of Physics)
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4 Boron Carbide

Boron carbide (B,C) is one of the hardest materials known, ranking third behind
diamond and ¢-BN described earlier. In fact, ceramic of B ,C are commercially
produced for various applications including those in tank armor and bulletproof
vests. The crystal structure of boron carbide has been known to be the rhombohe-
dral unit cell (B,,C,), which is composed of the closed-shell B, C icosahedral
subunit clusters as schematically shown in Fig. 12. This unique structure is usually
interpreted as follows. There are eight distorted B C icosahedra located at the
corners of the rhombohedral Bravais lattice. These icosahedra are connected by an
atomic linear C-B—C chain within the lattice. However, the locations of the carbon
atoms in the icosahedron as well as the composition (not exactly B, CbutB , C)
are still debating. In fact, the stability of these boron carbide icosahedra in com-
parison to the pure boron clusters is still an active research topic [43]. In addition
to B,C, there have been some interesting investigations on zero, one, and two-
dimensional boron carbide nanostructures. These will be discussed further in the
chapter by Lau et al.

5 Boron

Boron is the smallest and lightest atom that can form solids with high-strength
covalent bonds. In fact, -rhombohedral boron is the hardest elementary crystal
after diamonds. In addition, boron solids have a series of impressive properties
[44]. All forms of boron (allotropes) have very high melting points, from 2,200
to 2,300°C (4,000—4,200°F). They are not reactive to oxygen, water, acids, and
alkalis, and thus have high resistance to chemical attacks. Boron can appear in
various forms and structures, from amorphous and crystalline phases to nanos-

. ' @es Oc
~ . By Clcosahedron
e e

Fig. 12 Unit cell of B,C crystals
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tructures including clusters and nanotubes. Irregular bonding between boron
atoms forms amorphous structures and is brown in color. Crystalline phases,
however, is in black color and consists of three known structures: o-rhombohedra
[45], B-rhombohedral [45], and tetragonal [46]. The physical and chemical prop-
erties of boron solids are expected to be enhanced by forming boron nanotubes
(BNTs), boron clusters, and boron fullerenes. These closed-shell nanostructures
will eliminate dangling bonds at the surface and thus avoid uncontrollable chemical
reactions. In fact, the B Izicosahedml unit is well known as the building blocks for
all the known boron polymorphs, including the S-rhombohedral boron. Detailed
description of these boron nanostructures is available in the chapter by Lau et al.
of this book.

6 Carbon Nitride

The research on carbon nitride had started to gain tremendous attention after the
prediction of -C,N, in 1989 [47, 48]. According to the ab initio calculation, -C,N,
resembled identical crystal structure as -Si,N, with the carbon atoms substituting
the silicon atoms as shown in Fig. 13. The calculated cohesive energy of B-C,N,
suggested for a metastable carbon nitride compound. More importantly, due to their
strong covalent bond, the calculated bulk modulus (4.27 Mbar) was comparable to
that of diamond (4.43 Mbar). In addition to B-C,N,, other phases of C,N, were also
theoretically predicted including a-C,N,, cubic-C,N,, pseudocubic-C.N,, and
graphitic-C,N, [49].

There have been many experimental attempts in the synthesis of 3-C,N, but it was
generally accepted that B-C,N, may not be realistic materials. The synthesis of
B-C,N, was attempted by pulse laser deposition in 1993 [50]. Although crystalline
structure was claimed, the nitrogen contents in these films was only approximately

Fig. 13 Structure of B-C,N, in the a—b plane. The c-axis is normal to the page. Half the atoms
illustrated are located in the z = —c/4 plane, the other half are in the z = ¢/4 plane. The structure
consists of these buckled planes stacked in AAA... sequence. The parallelogram shows the unit
cell. (From [47], Reprinted with permission from AAAS)
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45%, which was less than that predicted for the C,N, stoichiometry (57%). In the later
experiments [51-53], it was found that the carbon atoms in the carbon nitride thin
film were transformed from the initial sp’ hybridization to sp’-bonded carbon when
the overall nitrogen contents increased. The density of the film was decreased from
3.3 to 2.1 g/lcm® when the concentration of nitrogen increased from 11-17%. Many
other techniques have been used for the synthesis of carbon nitride films including
arc discharge [54], RF plasma enhanced pulsed-laser deposition [55-58], RF sputter-
ing [59-63], hot filament plasma sputtering [64], magnetron sputtering [65-69],
plasma enhanced CVD (PECVD) [70-73], ion beam sputtering [74—78], other ion or
reactive atom beam deposition techniques [79-82], and atmospheric pressure plasma
[83]. Most of these attempts were conducted at room temperature, merely the doping
of nitrogen into the sp® hybridization amorphous diamond-like carbon matrix. High
temperature attempt was shown to reverse the sp?C=N bonds into sp’C-N bonds
needed for B-C,N, [55-57]. However, the nitrogen contents were below 16 at.%.

Although the attempts in growing for C,N, were not succeeded, nanoscale CN_
particles or films were found to be promising to be a hard material [84]. Similar to
the thin film studies, PECVD [85], plasma sputtering deposition [86], and chemical
reaction [87] had been utilized to produce the CN nanoparticles. Apparently,
nanoscale carbon nitride compounds appear to be the important area in the future,
including the nitrogen-doped CNTs and nanostructures to be discussed in the chapters
by Arenal and Loiseau, Yu and Wang, and Filho and Terrones of this book.

7 Boron Carbon-Nitride

Since carbon and BN phases are structurally similar, many efforts have been invested
in exploring their hybrid phases. These attempts can be classified into three: (1)
hexagonal phase boron carbon-nitride (h-B C N) that could have intermediate
properties between those of graphite and 4-BN, (2) cubic phase boron carbon-nitride
(c-B,C N)) that will be superhard like diamonds and ¢-BN, and (3) nanohybrids that
may have intermediate or modified properties between those of CNTs and BNNTSs.
The efforts of producing 2-B C N_and ¢-B,C N_bulks and thin films have been initi-
ated since 1980s [88-92], and extended into 19905 [93-100]. In fact, the first report on
hybridized B C N_ compounds was having grain dimension below 20 nm [88]. These
results indicate that B  C N_compounds should be considered as nanstructures or nanoc-
rystals instead of macroscoplc single crystals as suggested in recent review articles
[101, 102]. In fact, the research interest on B C N_hybrids appears to move toward
BXC),_NZ nanotubes and nanostructures, after the demonstration of CNTs and BNNTs.

7.1 Hexagonal Phase Hybrid: h-BnyNz

As discussed, graphite is semimetallic and #-BN is insulating with a wide band gap
>5.8 eV [103, 104]. Since graphite and s#-BN are constructed by layers of carbon
and BN honeycombs, respectively, it was anticipated that new h-B C N_ hybrid
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Table 3 Bond lengths of various types
of bonds in h-BC N hybrids [105, 106]

Bonds Bond lengths/nm
C-C 0.142

B-C 0.155

B-N 0.145

C-N 0.132

These data are also applicable for BC,N
nanotubes

phase would have BCN honeycomb structures. These 42-B C N_hybrids may have
energy band gap smaller than that of 4-BN, a new semiconducting materials.
Theory on h-BC,N sheets was then proposed, which consist of various chemical
bonds as shown in Table 3.

The attempt of producing ~2-B C N was motivated by their attractive physical
properties such as controllable band gap by varying their composition and chemical
inertness. For example, recent attempts on growing B C N_thin films have involved
various approaches including CVD [107, 108], ion beam assisted deposition [109],
magnetron sputtering [110, 111], RF plasma enhanced pulsed-laser deposition [112,
113], excimer laser annealing [114], and arc discharge [115]. However, most of these
thin films are amorphous phase. In fact, the most challenging obstacle for producing
crystalline /#-B C N_bulks and thin films is phase separation. Most B C N_ compounds
are mixtures of pure BN and graphite domains. Recent results shown that hybridized
h- BnyNz compounds tend to stabilize in nanostructures [116].

7.2 Cubic Phase Hybrid: c-BnyNz

The major motivation for the search of cubic phase B C N_(c-B C N ) compounds
is to realize new superhard materials that may be harder than c- BN Although c-BN
is the second hardest known materials, it has only half the hardness of diamonds.
Furthermore, the synthesis of ¢-BN crystals and thin films is much harder than
those of diamonds. However, c-BN is chemically inert to ferrous metals and more
stable than diamond at high temperatures in the presence of oxygen. It was believed
that c-BC N could be harder than c-BN and chemically stable like c-BN. Various
c-BC N structures have been studied by the ab initio pseudopotential density func-
tional method, based on the eight-atom Zinc Blende structured cubic unit cell [117].
All the structures are having positive total energy indicating of their metastable
nature. Thus ¢-B C N is expected to be formed under high pressure and high tempera-
ture (HPHT) condition.

In fact, the growth of c-B C N_hybrid was reported in 1981. This was carried
out in a diamond anvil cell at ‘a static pressure of 14 GPa and a temperature of
3,000°C [118]. Polycrystalline 2-B C N_powders [88] produced by CVD were used
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as the starting materials without any catalyst (which is needed for the growth of
c-BN and diamonds). The composition of the products was (BN) ,, C,,,, similar to
that of the starting materials. These c-(BN),,, C, ., hybrids had lattice constant of
0.3582 = 0.0002 nm, in between that of diamond (0.3570 = 0.0001 nm) and c-BN
(0.3615 £ 0.0001 nm). These hybrids were polycrystals, with dimensions of several
micrometers. However, transmission electron microscopy (TEM) indicates that the
grain size of these cubic hybrids is on the order of nanometers [101]. Similar
experiments were then conducted by using a laser-heated diamond cell [119]. The
lattice constants of the products [¢-B,..C .N .. and ¢-B ,,C, N ] were 0.3613 +

035703 035 0270.6" 0.2

0.0003 nm and 0.3596 £ 0.0003 nm, respectively. The bulk modulus of ¢-B ,,C, .N, .,
was determined as 355 + 19 GPa, lower than those of diamond (442 GPa) and c-BN
(369 GPa).

There was also an attempt to transform ~2-B C N_to ¢-B C N_hybrids at HPHT
condition using catalyst. Cobalt (Co) was used in these expenments which were
conducted at a pressure of 5.5 GPa and temperature of 1,400-1,600°C [120]. Later
experiment was carried out without using any catalyst at 7.7 GPa and 2,000-2,400°C
[121, 122]. However, the ¢-B C N_ product was phase separated into ¢-BCN and
diamonds at high temperature. The cubic phase crystals were typically 20-30 nm in
diameter. Recently, c-BC,N was synthesized from graphite-like BC,N at pressures
above 18 GPa and temperatures higher than 2,200 K [123]. The hardness of ¢-BC,N
is higher than that of c-BN and slightly less hard than diamond. This is the low-density
c-BCN structure proposed by the recent theoretical modeling [124].

In addition to the HPHT techniques, other methods such as reactive vapor phase
deposition [125] and ball milling [126, 127] have been attempted to synthesize c-B C N,
hybrids. In general, the ¢-B C N_tends to phase separate into c-BN and diamonds.

7.3 BnyNz Nanostructures

Since 1994, BC,N nanotubes have been studied theoretically [128] and experimentally
[129-131]. Unhke pure CNTs, the electronic structure of B C N_ nanotubes is predicted
to be prominently influenced by their chemical composmon rather than their
geometrical structure [132]. Theoretically, the energy bandgap of B C N_nanotubes
are tunable by varying their atomic compositions. They may have potential applications
in photoluminescence and photonics applications, as well as nanoelectronic devices
or sensors working at high temperature.

In addition to the earlier attempts in growing B C N_nanotubes by arc discharge
and laser ablation [129-131], an interesting technique called substitution reaction
was also demonstrated. This technique was initially invented to produce BNNTSs
[133-135]. In short, CNTs was used as the templates and reacted with B,O, powder
in the presence of N, gas at 1,600°C to form B C N_ nanotubes. Further thermal
oxidation heating of these products in air at 700°C would convert the B C N_nanotubes
into BNNTs with an efficiency of 60%. Later, this substitution method was modified
by adding metal oxide promoters in the reaction for the growth of both B C N_
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nanotubes and BNNTSs [136-138]. Results indicate that these B C}N nanotubes
were radially phase-separated into BN and carbon shells [139] The carbon shells
formed in the outer or inner layers of the multiwalled structure, rather than being
sandwiched between BN shells.

Recently, a significant advancement had been reported to directly synthesize
single wall B C N, nanotubes by using bias-assisted hot filament CVD method
[140, 141]. In brlef CH,, B,H,, and ethylenediamine vapor were flowed to the
growth chamber as the reactant gases. MgO-supported Fe-Mo bimetallic powders
were used as the catalyst. The boron and nitrogen contents of these nanotubes are
still low. The chapters by Arenal and Loiseau, Blasé and Chacham, and Yu and
Wang are devoted to describe current research status on B, C N_ nanostructures.
Readers are encouraged to find more information in previous Teviews on B C N
nanostructures [101, 102, 142].

8 Doped CNTs

Since the discovery of CNTs, quasi one-dimensional material has become the
research of interest. It has been shown theoretically that CNTs doped with exotic
elements may alter the band structure and morphological properties of CNTs [143].
There have been some experimental works on boron-doped CNTs [144, 145] and
nitrogen-doped CNTs [146, 147] have been demonstrated. For example, nitrogen-
doping was shown to enhance electron field emission properties of multiwalled CNTs
[148]. The chapter by Filho and Terrones highlights the research on doped CNTs.

Acknowledgment Y. K. Yap acknowledges National Science Foundation CAREER Award
(DMR 0447555) for supporting the project on frontier carbon materials; the U.S. Department of
Energy, Office of Basic Energy Sciences (DE-FG02-06ER46294) for in part supporting the
project on boron nitride nanotubes; and the U.S. Department of Army (W911NF-04-1-0029) and
the Defense Advanced Research Projects Agency (DAAD17-03-C-0115 through Army Research
Laboratory) for supporting his projects on CNTs.

References

1. H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R. E. Smalley, Nature (London) 318,
162 (1985).

2. S. lijima, Nature (London) 354, 56 (1991).

3. http://nobelprize.org/nobel_prizes/chemistry/laureates/1996/

4. T. W. Capehart, T. A. Perry, C. B. Beetz, D. N. Belton, G. B. Fisher, C. E. Beall, B. N. Yates,
and J. W. Taylor, Appl. Phys. Lett. 55, 957 (1989).

5. R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Physical Properties of Carbon nanotubes,
Imperial College Press, London (1998).

6. M. S. Dresselhaus and G. Dresselhaus, Eds., Carbon Nanotubes: Synthesis, Structure, Properties
and Applications, Springer-Verlag, Berlin (2001).

7. M. W. Geis and M. A. Tamor, in Encyclopedia of Applied Physics, Vol. 5, Diamond and
Diamond-like Carbon, G. L. Trigg, Eds., VCH Publishers, Inc., New York, 1-24 (1993).



Int

8

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.

25.
26.

27.

28.

29.

30.
31

32

33
34
35
36
37
38
39
40
41
42
43

roduction to B-C—N Materials 19

. 0. ]. Vohler, F. von Sturm, and E. Wege, in Encyclopedia of Applied Physics, Vol. 3, Carbon

Materials, G. L. Trigg, Eds., VCH Publishers, Inc., New York, 2140 (1993).

M. S. Dresselhaus and G. Dresselhaus, in Encyclopedia of Applied Physics, Vol. 7, Graphite,

G. L. Trigg, Eds., VCH Publishers, Inc., New York, 289-301 (1993).

A. Y. Liu, R. M. Wentzcovitch, and M. L. Cohen, Phys. Rev. B 39, 1760 (1989).

http://www.nsf.gov/awardsearch/show Award.do?AwardNumber=0447555. Y. K. Yap, National

Science Foundation Award # 0447555, “CAREER: Synthesis, Characterization and Discovery

of Frontier Carbon Materials.

S. lijima and T. Ichihashi, Nature (London) 363, 603 (1993).

D. S. Bethune, C. H. Kiang, M. S. de Vries, G. Gorman, R. Savoy, J. Vazquez, and R. Beyers,

Nature (London) 363, 605 (1993).

A. Thess, R. Lee, P. Nikolaev, H. Dai, P. Petit, J. Robert, C. Xu, Y. H. Lee, S. G. Kim, A. G.

Rinzler, D. T. Colbert, G. E. Scuseria, D. Tomanek, J. E. Fisher, and R. E. Smalley, Science

273, 483 (1996).

M. S. Dresselhaus, G. Dresselhaus, and R. Saito, Phys. Rev. B 45, 6234 (1992).

J. W. Mintmire, B. I. Dunlap, and C. T. White, Phys. Rev. Lett. 68, 631 (1992).

N. Hamada, S. Sawada, A. Oshiyama, Phys. Rev. Lett. 68, 1579 (1992).

J. W. G. Wilder, L. C. Venema, A. G. Rinzler, R. E. Smalley, and C. Dekker, Nature (London)

391, 59 (1998).

T. W. Odom, J. L Huang, P. Kim, and C. M. Lieber, Nature (London) 391, 62 (1998).

N. Wang, Z. K. Tang, G. D. Li, and J. S. Chen, Nature 408, 50 (2000).

T. Guo, P. Nikolaev, A. G. Rinzler, D. Tomanek, D. T. Colbert, and R. E. Smalley, J. Phys.

Chem. 99, 10694 (1995).

A. Peigney, Ch. Laurent, F. Dobigeon, and A. Rousset, J. Mater. Res. 12, 613 (1997).

J. H. Hafner, M. J. Bronikowski, B. R. Azamian, P. Nikolaev, A. G. Rinzler, D. T. Colbert, K.

A. Smith, and R. E. Smalley, Chem. Phys. Lett. 296, 195 (1998).

H. Dai, A. G. Rinzler, P. Nikolaev, A. Thess, D. T. Colbert, and R. E. Smalley, Chem. Phys.

Lett. 260, 471 (1996).

V. Kayastha, Y. K. Yap, S. Dimovski, and Y. Gogotsi, Appl. Phys. Lett. 85, 3265 (2004).

V. Kayastha, Y. K. Yap, Z. Pan, I. N. Ivanov, A. A. Puretzky, and D. B. Geohegan, Appl. Phys.

Lett. 86, 253105 (2005).

K. Hata, D. N. Futaba, K. Mizuno, T. Namai, M. Yumura, and S. Iijima, Science 306, 1362

(2004).

G. Zhang, D. Mann, L. Zhang, A. Javey, Y. Li, E. Yenilmez, Q. Wang, J. P. McVittie, O. Nishi,

J. Gibbons, and H. Dai, PNAS 102, 16141 (2005).

Y. Murakami, S. Chiashi, Y. Miyauchi, M. Hu, M. Ogura, T. Okubo, and S. Maruyama, Chem.

Phys. Lett. 385, 298 (2004).

V. K. Kayastha, S. Wu, J. Moscatello, and Y. K. Yap, J. Phys. Chem. C 111, 10158 (2007).

S. M. Bachilo, M. S. Strano, C. Kittrell, R. H. Hauge, R. E. Smalley, and R. B. Weisman, Science

298, 2361 (2002).

. D. L. Medlin, T. A. Friedmann, P. B. Mirkarimi, M. J. Mills, and K. F. McCarty, Phys. Rev.
B. 50, 7884 (1994).

. R. S. Pease, Acta. Cryst. 5, 356 (1952).

. T. Ishii, T. Sato, Y. Sekikawa, and M. Iwata, J. Cryst. Growth 52, 285 (1981)

. F. P. Bundy and R. H. Wentorf, Jr, J. Chem Phys. 38, 1144 (1963)

. R. H. Wentorf, Jr., J. Chem. Phys. 34, 809 (1961)

. C. B. Samantaray and R. N. Singh, Int. Mater. Rev., 50, 313 (2005)

. P. B. Mirkarimi, K. F. McCarty, and D. L. Medlin, Mat. Sci. Eng. R 21, 47 (1997)

. J. Thomas,N. E. Weston, and T. E. O’Connor, J. Am. Chem. Soc. 84, 4619 (1963)

. A. Rubio, J. L. Corkill, and M. L. Cohen, Phys. Rev. B. 49, 5081 (1994).

. X. Blase, A. Rubio, S. G. Louie, and M. L. Cohen, Euro. Phy. Lett. 28, 335 (1994)

. M. Ishigami, S. Aloni and A. Zettl, AIP Conf. Proc. 696, 94 (2003).

. D. Ghosh, G. Subhash, C. H. Lee, Y. K. Yap, Appl. Phys. Letts. 91, 061910 (2007).



20

44

45.
46.

47.
48.
49.
50.
S1.
52.
53.
54.

55.
56.

70.
71.
72.

73.
74.

75.

76.
77.
78.
79.
80.

81.
82.
83.

84.

85
86

C.H. Lee et al.

. R. Naslain, in Boron and Refractory Borides, V. I. Matkovich, Ed., Springer-Verlag, New
York, 139 (1977).

G. Will and K. Ploog, Nature 251, 406 (1974).

A. W. Laubengayer, D. T. Hurd, A. E. Newkirk, and J. L. Hoard, J. Am. Chem. Soc. 65, 1924
(1943).

A. Y. Liu and M. L. Cohen, Science 245, 841 (1989).

A. Y. Liu and M. L. Cohen, Phys. Rev. B 41, 10727 (1990).

D. M. Teter and R. J. Hemley, Science 271, 53 (1996).

C. M. Niu, Y. Z. Lu, and C. M. Lieber, Science 261, 334 (1993).

C. M. Lieber and Z. J. Zhang, Chem. Indus. 22, 922 (1995).

J. T. Hu, P. D. Yang, and C. M. Lieber, Phys. Rev. B 57, R3185 (1998).

J. T. Hu, P. D. Yang, and C. M. Lieber, Appl. Surf. Sci. 127-129, 569 (1998).

O. Matsumoto, T. Kotaki, H. Shikano, K. Takemura, and S. Tanaka, J. Electrochem. Soc. 141,
L16 (1994).

Y. K. Yap, S. Kida, T. Aoyama, Y. Mori, and T. Sasaki, Appl. Phys. Lett. 73, 915 (1998).

Y. K. Yap, S. Kida, T. Aoyama, Y. Mori, and T. Sasaki, Diamond Relat. Mater. 8, 614
(1999).

. Y. K. Yap, S. Kida, T. Aoyama, Y. Mori, and T. Sasaki, Diamond Relat. Mater. 9, 1228 (2000).
. M. Itoh, Y. Suda, M. A. Bratescu, Y. Sakai, and K. Suzuki, Appl. Phys. A 79, 1575 (2004).

. Y. A. Li, Z. B. Zhang, S. S. Xie, and G. Z. Yang, Chem. Phys. Lett. 247, 253 (1995).

. Z.B. Zhang, Y. A. Li, S. S. Xie, and G. Z. Yang, J. Mater. Sci. Lett. 14, 1742 (1995).

. S. Kumar, K. S. A. Butcher, and T. L. Tansley, J. Vac. Sci. Technol. A 14, 2687 (1996).

. C. Y. Hsuand F. C. N. Hong, Jpn. J. Appl. Phys 37, L1058 (1998).

. W. Lu and K. Komvopoulos, J. Appl. Phys. 85, 2642 (1999).

. J. Peng, P. Zhang, Y. Guo, and G. H. Chen, Mater. Lett. 29, 191 (1996).

. Y. A. Li, S. Xu, H. S. Li, and W. Y. Luo, J. Mater. Sci. Lett. 17, 31 (1998).

. L. D. Jiang, A. G. Fitzgerald, and M. J. Rose, Appl. Surf. Sci. 158, 340 (2000).

. J. Wei, J. Appl. Phys. 89, 4099 (2001).

. X.C. Wang, P. Wu, Z. Q. Li, E. Y. Jiang, and H. L. Bai, J. Phys. D: Appl. Phys. 37, 2127 (2004).

. M. Lejeune, O. Durand-Drouhin, S. Charvet, A. Zeinert, and M. Benlahsen, J. Appl. Phys.
101, 123501 (2007).

T. Y. Yen and C. P. Chou, Appl. Phys. Lett. 67, 2801 (1995).

Y. F. Zhang, Z. H. Zhou, and H. L. Li, Appl. Phys. Lett. 68, 634 (1996).

H. K. Woo, Y. F. Zhang, S. T. Lee, C. S. Lee, Y. W. Lam, and K. W. Wong, Diamond Relat.
Mater. 6, 635 (1997).

J. L. He and W. L. Chang, Surf. Coat. Technol. 99, 184 (1998).

J. P. Riviere, D. Texier, J. Delafond, M. Jaouen, E. L. Mathe and J. Chaumont, Mater. Lett. 22,
115 (1995).

A. Fernandez, P. Prieto, C. Quiros, J. M. Sanz, J. M. Martin and B. Vacher, Appl. Phys. Lett.
69, 764 (1996).

X. W. Su, H. W. Song, F. Z. Cui, W. Z. Li, and H. D. Li, Surf. Coat. Technol. 84, 388 (1996).
Z.C. Wu, Y. H. Yu, and X. H. Liu, Appl. Phys. Lett. 68, 1291 (1996).

X. M. He, L. Shu, W. Z. Li, and H. D. Li, J. Mater. Res. 12, 1595 (1997).

J. Y. Feng, Y. Zheng, and J. Q. Xie, Mater. Lett. 27, 219 (1996).

P. N. Wang, Z. Guo, X. T. Ying, J. H. Chen, X. M. Xu, and F. M. Li, Phys. Rev. B 59, 13347
(1999).

Y.G.Li, A. T. S. Wee, C. H. A. Huan, W. S. Li, and J. S. Pan, Surf. Interface Anal. 28, 221 (1999).
Kazuhiro Yamamoto, Jpn. J. Appl. Phys. 44, 1879 (2005).

T. Hidekazu, M. Sougawa, K. Takarabe, S. Sato, and O. Ariyada, Jpn. J. Appl. Phys. 46, 1596
(2007).

D. Li, X.-W. Lin, S.-C. Cheng, V. P. Dravid, Y.-W. Chung, M.-S. Wong, and W. D. Sproul,
Appl. Phys. Lett. 68, 1211 (1996).

. J. Pereira, I. G. Grenier, and V. M. Guilbaud, Thin Solid Films 482, 226 (2005).

. H. Y. Li, Y. C. Shi, and P. X. Feng, Appl. Phys. Lett. 89, 142901 (2006).



Introduction to B-C-N Materials 21

87

88.

89.
90.
91.

92.
93.
94.
95.

96.
97.
98.
99.
100.
101.

102.

103.

104.
105.
106.
107.
108.

109.
110.

111.
112.

113.

114.

115.
116.
117.

118.
119.
120.
121.
122.
123.

. T. C. Mu, J. Huang, Z. M. Liu, B. X. Han, Z. H. Li, Y. Wang, T. Jiang, and H. X. Gao, J.
Mater. Res. 19, 1736 (2004).

A.R. Badzian et al. in “Proceeding of the 3rd International Conference on Chemical Vapor
Deposition” (F.A. Claski, Ed.), pp. 747-753. American Nuclear Society, Hinsdale, IL,
1972.

K. Montasser, S. Hattori, and S. Monita, Thin Solid Films 117, 311 (1984).

L. Maya, J. Am. Ceram. Soc. 71, 1104 (1988).

J. Kouvetaksi, T. Sasaki, C. Shen, R. Hagiwara, M. Lerner, K. M. Krishnan, and N. Bartlett,
Synth. Metals 34, 1 (1989).

L. Maya and L. A. Harris, J. Am. Ceram. Soc. 73, 1912 (1990).

M. Yamada, M. Nakaishi, and K. Sugishima, J. Electrochem. Soc. 137, 2242 (1990).

T. M. Besmann, J. Am. Ceram. Soc. 73, 2498 (1990).

M. Morita, T. Hanada, H. Tsutsumi, Y. Matsuda, and W. Kawaguchi, J. Electrochem. Soc.
139, 1227 (1992).

F. Saugnac, F. Teyssandiev, and A. Marchand, J. Am. Ceram. Soc. 75, 161 (1992).

N. Kawaguchi and T. Kawashima, J. Chem. Soc., Chem. Commun. 14, 1133 (1993).

A. Derré, L. Filipozzi, F. Bouyer, and A. Marchand, J. Mater. Sci. 29, 1589 (1994).

M. Hubacek and T. Sato, J. Solid State Chem. 114, 258 (1995).

M. O. Watanabe, S. Itoh, K. Mizushima, and T. Sasaki, Thin Solid Films 281-282, 334 (1996).
Y. K. Yap, “Boron-Carbon Nitride Nanohybrids,” in Encyclopedia of Nanoscience and
Nanotechnology (Foreword by R. E. Smalley), H. S. Nalwa, Ed., Volume 1, 383-394,
American Scientific Publishers, (2004).

C. H. Lee and Y. K. Yap,* Current Research Status of Boron-Carbon Nitride Bulks, Thin
Films, and Nanostructures,” Chapter 10, in Diamond and Related Materials Research, Shota
Shimizu Ed., Nova Science Publisher, New York, 277-292 (2008).

M. Yano, Y. K. Yap, M. Okamoto, M. Onda, M. Yoshimura, Y. Mori, and T. Sasaki, Jpn. J.
Appl. Phys. 39, L300 (2000).

Y. Kubota, K. Watanabe, O. Tsuda, and T. Taniguchi, Science 317, 932 (2007).

Y. Miyamoto, A. Rubio, M. L. Cohen, and S. G. Louie, Phys. Rev. B 50, 4976 (1994).

A. Y. Liu, R. M. Wentzcovitch, and M. L. Cohen, Phys. Rev. B 39, 1760 (1989).

T. Yuki, S. Umeda, and T. Sugino, Diamond Relat. Mater. 13, 1130 (2004).

J. Yu, E. G. Wang, J. Ahn, S. F. Yoon, Q. Zhang, J. Cui, and M. B. Yu, J. Appl. Phys. 87,
4022 (2000).

R. Gago, 1. Jiménez, and J. M. Albella, Thin Solid Films 373, 277 (2000).

M. K. Lei,.Quan Li, Z. F. Zhou, I. Bello, C. S. Lee, and S. T. Lee, Thin Solid Films 389, 194
(2001).

D. H. Kim, E. Byon, S. Lee, J.-K. Kim, and H. Ruh, Thin Solid Films 447-448, 192 (2004).

Y. Wada, Y. K. Yap, M. Yoshimura, Y. Mori, and T. Sasaki, Diamond Relat. Mater. 9, 620
(2000).

Y. K. Yap, Y. Wada, M. Yamaoka, M. Yoshimura, Y. Mori, and T. Sasaki, Diamond Relat.
Mater. 10, 1137 (2000).

H. Aoki, K. Ohyama, H. Sota, T. Seino, C. Kimura, and T. Sugino, Appl. Surf. Sci. 254, 596
(2007).

Pi-Chuen Tsai, Surf. Coat. Technol. 201, 5108 (2007).

Y. K. Yap, M. Yoshimura, Y. Mori, and T. Sasaki, Appl. Phys. Lett. 80, 2559 (2002).

H. Sun, S.-H. Jhi, D. Roundy, M. L. Cohen, and S. G. Louie, Phys. Rev. B 64, 094108
(2001).

A. R. Badzian, Mat. Res. Bull. 16, 1385 (1981).

E. Kanittle, R. B. Kaner, R. Jeanloz, and M. L. Cohen, Phys. Rev. B 51, 12149 (1995).

T. Sasaki, M. Akaishi, S. Yamaoka, Y. Fujiki, and T. Oikawa, Chem. Mater. 5, 695 (1993).

S. Nakano, M. Akaishi, T. Sasaki, and S. Yamaoka, Chem. Mater. 6, 2246 (1994).

S. Nakano, M. Akaishi, T. Sasaki, and S. Yamaoka, Mater. Sci. Eng. A 209, 26 (1996).

Y. Zhao, D. W. He, L. L. Daemen, T. D. Shen, R. B. Schwarz, Y. Zhu, D. L. Bish, J. Huang,
J. Zhang, G. Shen, J. Qian, and T. W. Zerda, J. Mater. Res. 17, 3139 (2002).



22

124.
125.

126.
127.
128.
129.

130.
131.

132.
133.
134.

135.
136.

137.

138.
139.

140.

141

142.
143.
144.
145.
146.

147.
148.

C.H. Lee et al.

E. Kim, T. Pang, W. Utsumi, V. L. Solozhenko, and Y. Zhao, Phys. Rev. B 75, 184115 (2007).
S. Ulrich, H. Ehrhardt, T. Theel, J. Schwan, S. Westermeyr, M. Scheib, P. Becker, H.
Oechsner, G. Dollinger, and A. Bergmaier, Diamond Relat. Mater. 7, 839 (1998).

Yao, L. Liu and W. H. Su, J. Mater. Res. 13, 1753 (1998).

J. Huang, Y. Zhu and H. Mori, J. Mater. Res. 16, 1178 (2001).

Y. Miyamoto, A. Rubio, M. L. Cohen, and S. G. Louie, Phys. Rev. B 50, 4976 (1994).

Z. W. Sieh, K. Cherrey, N. G. Chopra, X. Blasé, Y. Miyamoto, A. Rubio, M. L. Cohen, S. G.
Louie, A. Zettl, and R. Gronsky, Phys. Rev. B 51, 11229 (1995).

Y. Zhang, H. Gu, K. Suenaga, and S. lijima, Chem. Phys. Lett. 279, 264 (1997)

M. Terrones, A. M. Benito, C. Manteca-Diego, W. K. Hsu, O. I. Osman, J. P. Hare, D. G.
Reid, H. Terrones, A. K. Cheetham, K. Prassides, H. W. Kroto, and D. R. M. Walton, Chem.
Phys. Lett. 257, 576 (1996).

X. Blasé, J.C. Charlier, A. De Vita, and R. Car, Appl. Phys. Lett. 70, 197 (1997).

W. Q. Han, Y. Bando, K. Kurashima, and T. Sato, Jpn. J. Appl. Phys. 38, L755, (1999).
W.-Q. Han, J. Cumings, X. Huang, K. Bradley, and A. Zettl, Chem. Phys. Lett. 346, 368
(2001).

W.-Q. Han, W. Mickelson, J. Cuming, and A. Zettl, Appl. Phys. Lett. 81, 1110 (2002).

M. Terrones, D. Golberg, N. Grobert, T. Seeger, M. R. Reyes, M. Mayne, R. Kamalakaran, P.
Dorozhkin, Z.-C. Dong, H. Terrones, M. Ruhle, and Y. Bando, Adv. Mater. 15, 1899 (2003).
D. Golberg, P. Dorozhkin, Y. Bando, M. Hasegawa, and Z.-C. Dong, Chem. Phys. Lett. 359,
220 (2002).

D. Golberg, Y. Bando, K. Kurashima, and T. Sato, Solid State Commun. 116, 1 (2000).

J. Wu, W.-Q. Han, W. Walukiewicz, J. W. AgerlIll, W. Shan, E. E. Haller, and A. Zettl, Nano
Lett. 4, 647 (2004).

C. Y. Zhi, J. D. Guo, X. D. Bai, and E. G. Wang, J. Appl. Phys. 91, 5325 (2002).

. W. L. Wang, X. D. Bai, K. H. Liu, Z. Xu, D. Golberg, Y. Bando, and E. G. Wang, J. Am.

Chem. Soc. 128, 6530 (2006).

R. Ma, D. Golberg, Y. Bando, and T. Sasaki, Phil. Trans. R. Soc. Lond. A, 362, 2161 (2004).
Y. Miyamoto, M. L. Cohen, and S. G. Louie, Solid State Commun. 102, 605 (1997).

W.Q. Han, Y. Bando, K. Kurashima, and T. Sato, Chem. Phys. Lett. 299, 368 (1999).

L. S. Panchakarla, A. Govindaraj, and C. N. R. Rao, ACS Nano 1, 494 (2007).

R. Czerw, M. Terrones, J.-C. Charlier, X. Blase, B. Foley, R. Kamalakaran, N. Grobert, H.
Terrones, D. Tekleab, P. M. Ajayan, W. Blau, M. Riihle, and D. L. Carroll, Nano Lett. 1, 457
(2001).

J. Liu, S. Webster, and D. L. Carroll, Appl. Phys. Lett. 88, 213119 (2006)

M. Doytcheva, M. Kaiser, M. A. Verheijen, M. Reyes-Reyes, M. Terrones, and N. de Jonge,
Chem. Phys. Lett. 396, 126 (2004).



Multiwalled Boron Nitride Nanotubes:
Growth, Properties, and Applications

Jiesheng Wang, Chee Huei Lee, Yoshio Bando,
Dmitri Golberg and Yoke Khin Yap

Abstract This chapter provides a comprehensive review on the current research
status of boron nitride nanotubes (BNNTSs), especially the multiwalled nanostruc-
tures. Experimental and theoretical aspects of the properties, synthesis, and char-
acterization of BNNTSs, as well as their potential mechanical, electronic, chemical,
and biological applications are compiled here.

1 Introduction

Boron nitride nanotubes (BNNTs) were theoretically predicted in 1994 [1, 2] and
experimentally realized in the following year [3]. As described in the previous
chapter, BNNTSs are structurally similar to carbon nanotubes (CNTs). Thus, BNNTs
exhibit extraordinary mechanical properties like CNTs [4—6]. Despite these similarities,
BNNTs are different from CNTs in other aspects. BNNTSs possess nearly uniform
electronic properties that are not sensitive to their diameters and chiralities [1, 2].
Theoretically, their band gaps (~5 eV) are tunable and can even be eliminated by
transverse electric fields through the giant DC Stark effect [7-9]. Golberg et al. have
shown that BNNTS are having high oxidation resistance [10], which was later confirmed
by others [11, 12]. Recent result indicates that purified BNNTS are resist to oxidation
up to 1,100°C [12]. In addition, BNNTSs are predicted to have piezoelectricity [13,
14] and are applicable for room-temperature hydrogen storage [15]. Junctions of
CNTs and BNNTSs [16] are expected to produce itinerant ferromagnetism and spin
polarization [17]. Obviously, these properties make BNNTs very attractive for innova-
tive applications in various branches of science and technology.
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However, the growth of BNNTs is challenging. In the last 10 years, BNNTs were
grown by arc discharge [3, 18, 19], laser ablation [20, 21], substitution reactions from
CNT, [22], ball-milling [23], chemical vapor deposition (CVD) [24], boron oxide
CVD (BOCVD)/floating zone method [25, 26], etc. These BNNTSs contain impurities
including amorphous boron nitride (a-BN) powders and other solid-state by-products.
It is also challenging to use these techniques to directly grow BNNTSs on substrates.
Recently, Yap et al. have acquired for the first time the growth of pure BNNTs
directly on substrates at significantly low temperature (~600°C) [27]. On the other
hand, recent advancement in BOCVD has enabled mass production of BNNTSs and
the demonstration of a series of potential applications of BNNTSs. In view of all
these progresses, this chapter is devoted to highlight properties, synthesis, and
potential applications of BNNTs.

The remaining of this chapter will provide more description in particular multi-
walled (MW) BNNTSs. In Sect. 2 of this chapter, various properties of MW-BNNTs
will be discussed. Some of the prospective growth techniques of MW-BNNTSs are
highlighted in Sect. 3. Section 4 describes potential applications of BNNTSs for
polymer composites, electronic devices, and molecular biological and chemical
applications. Readers are encouraged to read more about the experimental aspects
of single-wall BNNTs in Chap. 3 and the related theory in Chaps. 4 and 5.

2 Properties of BNNTSs

2.1 Mechanical Properties

The elastic properties of an individual MW-BNNT have been carefully studied by
thermal vibration method [28]. The axial Young’s modulus for a MW-BNNT with
this method was found to be 1.18 TPa, which surpasses that of all other known
insulating nanostructures. This experimental value is consistent with theoretical
calculations performed by tight-binding (TB) methods [29]. However, recent in situ
bending test on individual MW-BNNTSs under transmission electron microscopy
(TEM) demonstrated lower values of 0.5-0.6 TPa [30]. The lower detected modulus
was probably due to the presence of polygonal cross-section morphology of
MW-BNNTs. On the other hand, the BNNT could recover amazingly after relieving
the load for severe bending.

2.2 Thermal Properties

High-density nanoelectronic devices are expected to generate tremendous heat
radiation. This has initiated a strong demand of nanomaterials with good thermal
conductivity. Various calculation approaches, including tight-binding method, density
functional theory, and valence shell model, have been performed in order to address
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Fig. 1 (a) Scanning electron microscopy image of purified boron nitride nanotubes grown at
1,500°C, and (b) Comparative thermogravimetric analysis curves of BNNTs and CNTs (reprinted
from [12]. © American Chemical Society)

the thermal properties of BNNTSs [31-33]. It was shown that BNNTs would have a
larger low-temperature thermal conductivity [34] than CNTs given that BNNTs
have the same phonon mean free path as CNTs. However, it was demonstrated
by experiment that pure and collapsed BNNTs are estimated to have thermal
conductivity, k, of ~18 and ~46 W/mK, respectively [35]. These values are far
lower than the conductivity of the sintered bulk hexagonal BN particles at room
temperature (>200 W/mK).

Another noteworthy thermal property of BNNTs is their high resistance to
oxidation. A systematic study was first performed by Golberg et al. [10] and 3 years later
by Chen et al. [11]. Recent study with purified MW-BNNTs grown at 1,500°C (Fig. 1a)
indicated that BNNTs were stable at 1,100°C in air (Fig. 1b) [12]. The oxidation
temperature for CNTs was ~500°C under similar thermogravimetric analysis.

2.3 Electronic Properties

BNNTs are theoretically predicted to have merely uniform electronic properties
that are hardly modified by their chiralities or diameters [1, 2]. Moreover, zigzag
BNNTs with chirality (n, 0) are expected to have direct band gap. On the other
hand, armchair BNNTSs with chiral vectors (n, n) will have indirect band gap
[19]. Because of their large band gap of ~5eV, experiments using SW-BNNTs as
the conduction channel for field-effect transistors (FETs) showed that BNNTSs
allowed transport through only the valence band [36].

Another important feature about the band gaps of BNNTSs is that they are tunable
by doping with carbon [37], radial deformation [38], or by applying a transverse
electric field across the BNNTSs — the so-called giant Stark effect [7-9]. Theoretical
band structure calculations suggested that BNNTSs can either be p-type or n-type
semiconductors by controlling the composition of carbon into BNNTs. Carbon
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impurities on the boron sites result in electron carriers while on the nitrogen sites
result in hole carriers [37]. On the other hand, the band-gap modification by radial
deformation in BNNTs was predicted through first-principles pseudopotential
density-functional calculations. In zigzag BN nanotubes, radial deformations due to
transverse pressures of about 10 GPa decrease the direct band gap of BNNTSs from
5 to 2 eV, allowing for optical applications in the visible range. However, the band
gaps of armchair BNNTSs are found to be insensitive to radial deformations. Finally,
theory indicates that the band gap of BNNTs can be reduced and even completely
removed by the application of transverse electric fields. Experimentally, the giant
Stark effect has been observed when applying a scanning tunneling microscopy
(STM) tip to impose a local transverse electric field onto BNNTs and simultane-
ously probing the electronic properties [9].

2.4 Piezoelectric Properties

Another appealing property of BNNTS is piezoelectricity. This phenomenon theoretically
originated from the deformation effect due to the rolling of the planar hexagonal
BN networks to form tubular structures [13]. Nakhmanson et al. showed that BNNTSs
could be excellent piezoelectric systems [14]. As an example of calculations, piezoe-
lectric constant for different zigzag BNNTs was found to increase along with the
decrease of the radius of BNNTSs [14]. It has been also proposed that a (5, 0) BNNT
would have the largest piezoelectric constant for all investigated BNNTSs.

Experimentally, Bai et al. have shown that under in situ elastic bending deforma-
tion at room temperature inside a 300-kV high-resolution transmission electron
microscope, a normally electrically insulating MW-BNNT may transform to a
semiconductor [39]. The semiconducting parameters of bent MW-BNNTSs squeezed
between two approaching gold contacts inside the pole piece of the microscope had
been retrieved based on the experimentally recorded I-V curves. Remarkably, the
nanotubes’ electrical transport properties were found to be smoothly tuned from
insulating to semiconducting through a bending deformation. Importantly, such
unique transition was reversible. This could have been the first experimental sign
suggestive of piezoelectric behavior in deformed BNNTs. Since BNNTSs possess
excellent mechanical properties, the detected deformation-driven tuning of BNNT
electrical properties may have many interesting prospective applications in the
nanoscale sensors, actuators, and advanced nanoelectromechanical systems (NEMS)
with integrated electronic/optical functions.

2.5 Electron Field Emission Properties

Field emission properties of BNNTs have been tested by Cumings et al. using an in
situ manipulation stage inside a TEM system [40]. The turn-on voltages for BNNTSs
were approximately twice higher than that for CNTs of similar geometries that
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were measured with the same setup. The current densities were similar in both
cases. In the Fowler-Nordheim plot for BNNTs, a single slope can be observed
compared with the case of CNTs where the current often shows saturation at high
electric fields or two distinct Fowler—Nordheim slopes are often observed. Besides,
BNNTSs showed more stable field emission with less noise. However, these results
require further confirmation with high-purity BNNTSs in the future.

2.6 Optical Properties

A local-density approximation (LDA) calculation has pointed out that optical band
gap of BNNTs is independent of the chirality [41]. Another interesting point related
to their optical properties is the photoelectric effect. According to Kral et al., unpo-
larized light can induce a shift current in BNNTS, with a direction along the tube axis
[42]. These photoelectric effects can lead to new optoelectronic, optomechanical,
and magnetic applications.

To understand polarizabilities of BNNTSs, Kongsted et al. investigated the
polarizability tensors for several types of single-wall BNNTs and compared with
corresponding CNTs [43]. Their computations showed that BNNTs had smaller
magnitudes of the polarizability tensor components than those of CNTs with the
same geometry and number of atoms. Polarizability tensor of BNNTSs is shown to
depend on the tubule length, chiralities, light frequency, etc.

A comprehensive review on the vibrational and optical properties of BNNTS is
compiled in Chap. 5 of this book.

3 Synthesis of BNNTSs

As described, the synthesis of BNNTSs is far more challenging than the growth of CNTs.
Some of the growth techniques resembling those for the synthesis of CNTs were shown
to work for the growth of BNNTSs but some others required very specific growth system
and procedures. The details of these approaches are compiled in this section.

3.1 Arc Discharge

The arc discharge method that first successfully grew BNNTs was similar to that
for growing CNTs [3]. In the case of BNNTS, the anode was built by inserting a
h-BN rod into a hollow tungsten electrode and the cathode was a rapidly cooled
pure copper electrode. Arc discharge occurred between the tungsten and copper
electrodes. The inserted h-BN rod was evaporated indirectly. After the arc discharge,
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the gray product was deposited on the copper cathode, which contented some scattered
single-wall BNNTSs. Other successful attempts to grow BNNTs by arc discharge
method were using hafnium diboride (HfB,) electrodes [19] and arcing hexagonal
boron nitride (h-BN) and tantalum in a nitrogen atmosphere [18].

3.2 Laser-Based Methods

Laser heating is one of the possible methods to synthesize BNNTs as demonstrated
by Golberg et al. [44]. Single crystal c-BN specimens were laser heated in a dia-
mond anvil cell under high nitrogen pressures. TEM and other characterization
techniques confirmed the product to be BNNTs.

Another laser-based technique was oven-laser ablation method [20]. The
target material was prepared by mixing high-purity h-BN and nanosized Ni
and Co powders. The target was then placed inside a long quartz tube heated
by a tube furnace. An excimer laser with a wavelength of 248 nm was focused
on the target to initiate ablation. At optimum laser pulsed energy and oven
temperature (1,200°C), the ablated laser plumes were carried by the flowing
gas and collected on the water-cooled copper collector. BNNTSs with diameters
ranging from 1.5 to 8 nm were obtained together with other amorphous by-
products. Comparison of the structure of the BNNTSs synthesized with differ-
ent carrier gases revealed an interesting phenomenon. BNNTSs obtained in inert
argon and helium gases were dominated with single-wall BNNTs. When nitro-
gen was used as the carrier gas, the BNNTs were dominated with double-wall
structures. No BNNTs with more than four walls were observed.

Recently, single-wall BNNTs can be produced in high crystalline quality by
Loiseau et al. This technique involves the vaporization of a hexagonal BN target
by a continuous wave CO, laser under a nitrogen flow at a pressure of 1 bar. Readers
should refer to Chap. 3 for the details.

3.3 Substitution Reaction

Because of the nearly identical lattice structure between CNTs and BNNTs,
the former were used as the templates to prepare BNNTs. This technique is
called CNT-substituted reaction, where carbon atoms of CNTs are substituted
by boron and nitrogen atoms [22] according to the reaction formula as
follows:

B,O, + 3C (CNTs) + N, — 2BN (BNNTSs) + 3CO

The reaction was performed in an induction-heating furnace. In brief, B,O, powder
was placed in an open sintered graphite crucible and then covered with CNTs.
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The crucible was kept in a flowing nitrogen atmosphere at 1,500°C for half an hour.
Followed by cooling, the starting black CNTs were found to turn into gray color.
Different characterization techniques confirmed that BNNTSs were grown but were
mixed with carbon and other BN phases. To purify the product, oxidation treatment
could start to oxidize carbon layers around 550°C and transform these mixed-phase
nanotubes into pure BNNTSs.

3.4 Ball-Milling Technique

Ball-milling is a technique that can produce BNNTs at high yield, but it has a
disadvantage of low purity [11, 45]. As reported by Chen et al., the ball-milling system
has four stainless steel milling vessels with each small vessel loaded with several
grams of boron powder and four hardened steel balls. Then, they were filled with
ammonia gas at a pressure of 300 kPa prior to milling. With this method, four large
vessels could mill powder up to 1 kg. The mechanism behind was the transfer of large
amount of mechanical energy into boron powder particles, leading to morphological,
structural, and chemical changes. Followed by milling, an isothermal annealing was
executed in a tube furnace at 1,200°C for 16 h under nitrogen gas flow. Finally, BNNTs
were obtained by converting powder to tubules with the formation yield of 65-85%
[45]. Tt is noted that most of these BNNTSs appeared in bamboo-like structures.

3.5 Catalytic CVD

Catalytic CVD (CCVD) is one of the most popular and successful techniques for
the synthesis of CNTs and various nanowires. Lourie et al. described the growth of
BNNTSs by using borazine (B,N,H,) as the precursor according to the chemical
reaction as follows [24]:

3(NH,),SO, + 6NaBH, — 2B,N_H, + 3Na,SO, + 18H,

The growth was all successful in trials applying different catalysts such as Co, Ni,
NiB, or Ni,B. The NiB catalysts were found to be the most effective catalysts.
The substrate coated with NiB or Ni B catalysts was placed in the center of the
tube-furnace reactor that was heated to 1,000-1,100°C. These were then exposed to
the B,N,H-containing carrier gas for half an hour. White deposits were observed
on the substrate and were identified as MW-BNNTSs. Recently, borazine was also
used in conjunction with a floating nickelocene catalyst, resulting in the predominant
formation of double-walled BNNTSs [46].

Instead of using the dangerous borazine, Tang et al. have shown that boron oxide
can be an effective precursor for the growth of BNNTs [12, 25, 26]. This was first
demonstrated by applying the redox reaction between boron and oxides (SiO2;
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Fe203) to generate boron oxide gas (B,0,) in the reaction area [25]. Therefore,
when ammonia was introduced the growth of BNNTs was initiated with Fe,O, as
the possible catalyst as supported on alumina nanopowders. This approach was then
improved by using a mixture of boron and magnesium oxide (with molar ratio of
1:1) located in a BN-made reaction tube. The system was heated to 1,300°C using
an RF inducting furnace [26]. At this temperature, boron reacted with MgO to form
B,0,, and Mg vapor acted as the floating zone catalyst. The vapors were argon-
transported into a reaction chamber while a flow of ammonia was then introduced.
BNNTSs were synthesized by the simple reaction of B,0O, and ammonia. The chemi-

cal reactions are given by (1) and (2):
2B (s) + 2MgO (s) = B0, (g) + 2Mg (g) (D)
B,O, (g) + 2NH, (g) — 2BN (s) + 2H,0 (g) + H, () )

After fully evaporating the precursor mixture (1.55 g), 310 mg of white product
could be collected from the BN wall of the chamber. The conversion rate from
boron to boron nitride reached up to 40%. This effective technique is sometimes
called BOCVD or floating zone CVD since both the precursors and catalyst are in
vapor phase.

3.6 Other Synthesis Techniques

A brief description of other growth techniques for BNNTSs is provided here.

3.6.1 Liquid Flow of FeB Nanoparticles

The synthesis of BNNTs and BN nanocages from the liquid flow of iron boride
(FeB) nanoparticles was reported by the nitrogen plasma treatment of FeB nanopar-
ticles [47]. Si wafers cast by FeB nanoparticles were introduced into a microwave
plasma CVD system and then heated to 900°C during plasma treatment. Mixed
gases of N, and H, were used as a gaseous precursor. After the plasma treatment, a
whitish-gray product was formed, which included BNNTSs. In addition to BNNTSs
(5-10-nm diameter), other nanostructures consisting of BN nanocages as well as
BN hollow microspheres were present.

3.6.2 Electron Beam In Situ Deposition

Bengu et al. demonstrated the use of a low-energy electron cyclotron resonance
(ECR) plasma to deposit SW-BNNTs [48]. Tungsten was used as a substrate after
being prepared by specific polishing and cleaning. The growth chamber was kept
at ultrahigh vacuum. During the growth, the clean substrates experienced a growth
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temperature between 300 and 800°C and a pressure around 10~* Pa under a negative
DC bias of 300-600 V. To provide B source for BNNTSs, a conventional electron-beam
evaporation method was applied, while nitrogen ions provided N for BNNTs via a
compact ECR source. As confirmed by in situ high-resolution TEM measurements,
short SW-BNNTSs were synthesized on tungsten substrates.

3.6.3 Plasma Jet Method

The reaction chamber for plasma jet method was implemented by a water-cooled
plasma torch, target holder, and a powder collector, according to the report by Shimizu
et al. [49]. A direct current (DC) arc plasma jet was formed at a power of 8 kW while
the chamber pressure was maintained at 100 Torr. A BN sintered disk was used as a
target and exposed to a plasma jet for 1 min, giving a temperature of 4,000 K on the
sample, which was thus vaporized. BNNTs were found in a vaporized product.

3.7 Low-Temperature Growth of BNNTs

As a summary for previous methods, it is noted that most synthesis techniques for
BNNTSs required high growth temperatures and the products often contained impurities.
Moreover, patterned growth at desired locations has not been achieved. Yap et al.
showed that pure BNNTSs could be directly grown on Si substrates at 600°C by a
plasma-enhanced pulsed-laser deposition (PE-PLD) technique using Fe film catalyst
[27]. Furthermore, these BNNTSs were vertically aligned and could be extracted for
device fabrication without purification.

Scanning electron microscopy (SEM) indicated the formation of bundled BNNTSs
(Fig. 2a—c). The growth locations of BNNTSs were controllable due to the prepat-
terned Fe catalyst (Fig. 2d). TEM confirmed that the tubes were long and straight
with a nominal diameter of 20—40 nm. The tips of these BNNTs were fully capped
and did not contain catalyst particles, which suggested a base-growth mechanism.

The optimum growth of these BNNTSs was obtained through an ideal combination
of Fe film thickness, the laser energy density, and the substrate DC bias that induced
film resputtering, etc. At a too high deposition rate, only BN films were grown on
the substrates (Fig. 3a). The thickness of BN films gradually reduced with an
increase in the substrate bias (Fig. 3b) until BNNTSs started to grow, being balanced
by a film deposition rate and a resputtering rate at a higher substrate bias (Fig. 3c).
Under decent resputtering, the deposition of BN thin films was suppressed allowing
the formation of BNNTs on Fe nanoparticles according to the vapor-liquid-solid
(VLS) mechanism. The growth mechanism represents a phase-selective process
between BN films and BNNTs. One of the functions of Fe particles was to capture
the energetic BN growth species and confine the growth location. By means of
scanning probe microscopy, the local density of electronic states (LDOS) of the
BNNTs was measured. The band gaps estimated from the LDOS spectra were
found to vary from 4.4 to 4.9 eV.
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Fig. 2 SEM images of BNNT bundles with (a) smaller and (b) bigger diameters. Schematic of
their corresponding bundling configurations is illustrated in (c). (d) Patterned growth of BNNTs
(reprinted from [27]. © American Chemical Society)

ST U S R I 9

Fig. 3 Schematic of a phase-selective growth of BNNTSs. (a) BN film deposition on Fe nanopar-
ticles at low substrate biases. The film covers the catalysts due to a low resputtering rate of the
growth species. (b) The growth rate starts to decrease as the substrate bias increases. (c)
Resputtering becomes dominating and enables the growth of BNNTSs (reprinted from [27]. ©
American Chemical Society)

3.8 Effective Growth of BNNTs in Horizontal Tube Furnaces

Recently, Yap et al. described a simple route that enables the growth of BNNTS in
a conventional horizontal tube furnace [50]. This furnace consists of a quartz tube
vacuum chamber, which is commonly used for the growth system of CNTs and
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nanowires [51-57]. A mixture of B, MgO, and FeO (or Fe203) powders at a 2:1:1
molar ratio was used as a precursor (Fig. 4). These powders were placed in an alu-
mina boat and loaded into a one-end closed quartz tube. The precursor materials
were placed near the closed end of this quartz tube and located at the center of the
vacuum chamber. Several Si substrates were placed on the top of the alumina boat.
The chamber was evacuated to about ~30 mTorr before 200 sccm of NH, gas was
introduced into the chamber. Subsequently, the precursors were heated up to
1,200°C for 1 h. Similar to the BOCVD technique using the induction heating
method, at a high temperature, reactive B,O, vapor was generated and reacted with
NH, gas to form BNNTs. White-colored film was uniformly deposited over the
whole area of the substrate.

As indicated by SEM, clean and long BNNTs were deposited on the Si sub-
strates (Fig. 5). The tubular structures of these BNNTSs can be easily observed with
high-resolution SEM (Fig. 5b) and reconfirmed by TEM and electron energy loss
spectroscopy (EELS) [50].

Typical Raman and Fourier transformed infrared (FTIR) spectroscopies of these
BNNTSs are shown in Fig. 6 [50]. A sharp Raman peak at ~1367 cm™ can be
detected (Fig. 6a), which corresponds to the E, in-plane vibration of the hexagonal

Fumace at 1200 °C

Outer quartz tube
Inner quartz tube - NH, at 200sccm

Y
Sisubstrates
Precursor Mixture: B + MgO + FeO

Fig. 4 Experimental setup for the growth of BNNTSs by thermal CVD

Fig. 5 Scanning electron microscopy images of as-grown BNNTSs at (a) low and (b) high resolution
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Fig. 6 Typical (a) Raman and (b) FTIR spectra of the as-grown BNNTs

BN (h-BN) networks. Three IR absorption frequency regimes can be obviously
distinguished at ~809, ~1,369, and ~1545 cm™' (Fig. 6b). The absorption bands at
~1,369 and ~1,545 cm™! are attributed to the in-plane stretching modes of the h-BN
networks. This has been explained by the zone-folding method, which considered
BNNTS as the seamless cylindrical rolls of h-BN sheets [32]. The 1,369 cm™' band
is corresponding to the transverse optical (TO) mode of h-BN sheets that vibrates
along the longitudinal (L) or tube axis of a BNNT. The absorption band at ~1,545
cm™ is assigned to the stretching of the h-BN network along the tangential (T)
directions of a BNNT. This stretching mode is corresponding to the longitudinal
optical (LO) mode of the h-BN sheets, which is Raman inactive. It is also worth
noting that this LO mode smears out for h-BN bulks or thin films, and only shows up
when the tube curvature induces a strain on the h-BN networks. Thus, it is suggested
that only highly crystalline BNNTs would show up this LO mode. In addition, it is
noted that the T-mode vibration may shift between ~1,530 and ~1,545 cm™', from
samples to samples. This is explained by the change of the average diameter of
BNNTs in different samples, attributed to different curvatures of the h-BN sheets
in BNNTSs and thus the induced lattice strains along the tangential directions of the
nanotubes. The absorption at ~809 cm™ is associated to the out-of-plane radial
buckling (R) mode where boron and nitrogen atoms are moving radially inward or
outward. This interpretation is also identical to the out-of-plane bending mode of
h-BN films [58, 59] with a small shift in wavenumber due to the strain developed
on the tubular h-BN network in BNNTs. More interestingly, the authors observe a
splitting of this R mode vibration at ~800 and ~815 cm™!, as highlighted in the inset
of Fig. 6b. Tentatively, it is thought that the splitting of the radial buckling vibration
is related to the complex interaction of buckling vibration at different h-BN sheets
that have different diameters and chiralities. However, the origin of this splitting will
require further theoretical and experimental analysis in the future. More theoretical
interpretation of these vibrational properties is available in Chap. 5.

UV-Visible absorption spectroscopy was also used to characterize these as-grown
BNNTs. This was performed by a suspension of BNNTS in ethanol. Result indicates
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that the optical band gap of these BNNTSs is as large as ~5.9 eV [50]. The optical
band gap detected here is larger than that reported for BNNTs (5.5 eV) grown by
BOCVD in induction furnaces at higher growth temperatures [60]. The bandgap of
our BNNTSs is comparable to that of single-wall BNNTs [61] and hexagonal BN
single crystals [62].

4 Potential Applications

Previous sections summarized experimental works particularly on the growth,
properties, and characterization of BNNTs. The discussion on applications of
BNNTs is rare in the literature due to present limitations and challenges of mass
BNNT productions. However, recent publication especially those from Golberg
et al. have indicated some potential applications of BNNTSs. Some of these and others
are summarized hereafter.

4.1 Hydrogen Storage

Hydrogen is regarded as an ideal and nonpolluting energy source that may become
an alternative to replace current energy sources. However, hydrogen storage is among
the obstacles toward real hydrogen energy technology. Nanomaterials can be more
favorable than bulk counterparts with respect to molecular adsorptions due to large
specific surface area. CNTs have been the potential materials for hydrogen storage
due to their light mass density, high surface to volume ratio, and well-understood
chemistry with hydrogen [63]. However, carbon-based materials have weak binding
with hydrogen. This significantly restricts possible improvements. Also, experimental
results from different groups have not been consistent, especially in regard to single-
walled CNTs (SWCNTs) [64]. One possible reason might be due to the fact that
SWCNTs can be either semiconducting or metallic, depending upon their diameters
and chiralities, and thus have different electronic interactions with guest H, mole-
cules and/or H atoms.

BNNTs are always semiconducting with a wide bandgap that is almost independent
of the tube diameter and chirality. Moreover, the ionic character of B-N bonds may
induce extra dipole moments favorable for stronger adsorption of hydrogen. The
binding and diffusion energies of adsorbed hydrogen have recently been computed
[65], and BNNTSs were found to be suitable for room-temperature hydrogen
storage. Also, diffusion through the active sites makes hydrogen penetration toward
the inner BNNT surface possible and increases the storage capacity.

On the other hand, metal-doped BNNTS, as investigated by Wu et al., might be
even better for hydrogen storage [63], because the presence of defects could enhance
the adsorption of hydrogen atoms on BNNTSs and reduce the dissociation barrier of
the hydrogen molecule on their walls. Baierle et al. also claimed that moderate
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substitutional doping in materials with ionic-like bonding, such as carbon-doped
BNNTS, could enhance the binding energies of hydrogen, making them optimal for
storage [66]. In experiments, Ma et al. showed that MW-BNNTSs can absorb 1.8-2.6
wt% hydrogen under ~10 MPa at room temperature [67].

4.2 Functionlization

Tremendous research efforts have been made toward chemical functionalization of
conventional CNTs since such materials show high potential in many fields of science
and technology. It is an essential process to tailor properties of CNTs and make use
of them in devices. Some of the motivations include enhancement of CNTs’ solubility
in solvents, prevention of bundling for better dispersion, production of CNTs
composites and biologically compatible CNTs, etc. [68—72]. In particular, the covalent
bonding of organic molecules to CNTs may provide a very interesting pathway to
new applications in material science, chemistry, and medicine [73-81].

Because of the similarities in geometry it has been proposed that engineering of
properties of BNNTs can be carried out along the same way as that of CNTs.
Furthermore, a relatively wide band gap of BNNTSs restricts their applications
primarily to dielectric ones. Thus, it is desirable to control the band structure of
BNNTSs in order to suit different kinds of applications. The general pathways
of functionalization of BNNTSs include noncovalent bonding via m—m interactions
between polymers, covalent attachments of molecules on BNNTs, and doping of
BNNTSs with exotic atoms.

Several pioneering works on functionalization of BNNTs were reported on covering
BNNTSs with semiconducting SnO2 nanoparticles 1-5 nm in size [82, 83]. In fact, the
work on functionalization of BNNTSs has been hindered due to the challenges of
producing pure BNNTs with a high yield. Recently, a significant breakthrough of
producing grams of BNNT has been reported by Zhi et al. [84]. Soon after this,
intensive functionalization works have been conducted by the same authors.

4.2.1 BNNT Composites for Mechanical Applications

Functionalization of BNNTs can be achieved through noncovalent interactions,
i.e., wrapping BNNTs with a polymer. Because of the sp? hybridized h-BN
network, most polymers with a long chain made of benzene rings can interact with
the side walls of BNNTSs through n—r stacking interactions. It had been shown that
functionalized BNNTSs were perfectly dissolved in many organic solvents [12, 85].
For example, the PmPV-wrapped BNNTs were fully soluble in chloroform,
N,N-dimethylacetamide, and tetrahydrofuran, but insoluble in water and ethanol.
Based on this particular interaction with BNNTSs, the functionalization can be
implemented to purify BNNTs from big particles and other impurities [86].
Furthermore, it was found that the composites of BNNTs with PmPV possess modified
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Fig.7 (a) Comparative CL spectra and (b) UV—vis absorption spectra of pure BNNTS, pure PmPV, and
a composite made of them (courtesy of C. Y. Zhi; reprinted from [12]. © American Chemical Society)

luminescence and absorption properties (Fig. 7), which were different from that of
pure PmPYV, due to the noncovalent interactions under polymer wrapping [12].
From TEM imaging (Fig. 8a), a layer of polymer (PmPV) can be clearly distin-
guished from a well-crystallized BNNT’s side wall. The functionalized BNNTs are
well dispersed on TEM grids as shown in the inset. Because of the remarkable
mechanical properties of BNNTs, mixing BNNTs with a polymer may strengthen
the polymer matrix for mechanical and reinforcement applications. As shown in
Fig. 8b, functionalized BNNTs can be dissolved well in organic solvent while
nonfunctionalized BNNTs will be precipitated. These functionalized BNNTs can
be used for preparing transparent polystyrene (PS) composite film with 1 and 3
wt% of BNNTs as shown in Fig. 8c.

4.2.2 Bandgap Tuning for Electronic and Chemical Applications

The bandgap of BNNTSs can also be modified by attaching molecules on the side
walls covalently [87]. Covalent functionalization on the side wall of BNNTSs had
been performed by synthesizing stearol chloride-functionalized BNNTSs through
covalent interaction of —COCI groups with amino groups on the tube walls [88].
This particular work was based on the assumption that some of the amino groups
remained on side walls of BNNTSs during the synthesis process. Theoretical
modeling after geometrical relaxation was performed (Fig. 9). It can be seen that a
local distortion occurs near the adsorption site, which can be understood by the
local sp? rehybridization of a N atom at the absorption site. From the band structure
calculations, the HOMO-LUMO (highest occupied molecular orbital and lowest
unoccupied molecular orbital) gaps decrease dramatically after functionalization
due to new bands introduced into the gap (Fig. 10), which indicates that a charge
transfer may take place and functional groups may have a dopant effect on BNNTSs.
The experimental evidence reveals that the functional groups binding on the side
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Fig.8 (a) HRTEM image of a BNNT coated with PmPV (inset shows the well-dispersed BNNTs
on a TEM grid), (b) images of two vials containing BNNTSs in chloroform; note that the vial on
the left shows BNNT precipitation at the bottom because the tubes were not functionalized with a
polymer and are not soluble, whereas the vial on the right does not reveal precipitation because of
preliminary BNNT functionalization with polystyrene (PS) or poly(methyl methacrylate)
(PMMA), (¢) composite films of PS with BNNTs after adding 1 or 3 wt% multiwalled BNNTSs;
note that the films are still transparent (courtesy of C. Y. Zhi)

Fig. 9 The optimized structure of (a) CH,(CH,),CO—BNNT and (b) C, H.CO-BNNT (courtesy
of C. Y. Zhi; reprinted from [87]. © American Physical Society)
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Fig. 11 Comparative UV—-vis absorption spectra of pristine and functionalized BNNTSs (courtesy
of C. Y. Zhi; reprinted from [87]. © American Physical Society)

wall of BNNTSs introduce additional absorption bands (Fig. 11), which reflect
the modified band structure. These works have also indicated possible chemical
modification of BNNTs for future chemical applications.

4.2.3 Functionalization for Molecular Biological Applications

In addition to chemical interactions, the BNNTSs have been found to interact with
biological molecules such as proteins or single-stranded deoxyribonucleic acid
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Fig. 12 The process of fabrication of a DNA-BNNT hybrid (courtesy of C. Y. Zhi; reprinted from
[90]. © Wiley-VCH Verlag GmbH & Co. KGaA)

(ss-DNA) via mt-stacking interactions with the side walls [89, 90]. Figure 12 illustrates
a schematic of the wrapping of an ss-DNA molecule with a BNNT. Experimentally,
this has been evidenced as shown by the TEM imaged in Fig. 13a, b. In addition,
opened BNNTSs can be filled with DNAs as shown in Fig. 13c. DNAs can also be
removed by oxidation (annealing at 700°C for 30 min in air). As shown in Fig. 13d,
DNAs are oxidized and fully removed to leave a clean BNNT surface.
Functionalization of BNNTs with biomaterials opens a new way to incorporate
biological molecules on BNNTs for biomedical and sensing applications. Of
course, a lot of researches are necessary to be carried out to facilitate BNNTS in
real-life applications.
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Fig. 13 (a) and (b) TEM images of BNNTs wrapped with DNA; (¢) a DNA-filled BNNT (the
arrow indicates the core area); (d) a DNA-BNNT sample annealed at 700°C for 30 min in air — the
DNA is oxidized and fully removed to leave a clean BNNT surface (courtesy of C. Y. Zhi;
reprinted from [90]. © Wiley-VCH Verlag GmbH & Co. KGaA)

5 Conclusions

In summary, significant breakthrough in high-yield synthesis of multiwalled
BNNTSs has been demonstrated by Golberg et al. and more recently by Yap et al.
This has stimulated a series of investigations on chemical functionalization of
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BNNTSs. Promising results have been obtained on tuning the intrinsic properties of
BNNTSs. However, future research efforts are needed to demonstrate the perform-
ance of these functionalized BNNTSs in mechanical, electronic, chemical, and bio-
logical applications. To date it is still challenging to control placement of BNNTs
at desired locations of substrates for device integration. Another key issue will be
doping of BNNTSs to improve their electrical conductivity, which is required for
most electronic devices. We point out here that effective CVD technique for the
growth of single-wall BNNTs is still not available. Some of these issues have
started to gain attention theoretically and experimentally as reviewed in Chaps. 3,
4, 5, and 7 of this book.
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Heteroatomic Single-Wall Nanotubes Made
of Boron, Carbon, and Nitrogen

Raul Arenal and Annick Loiseau

Abstract In this chapter, we review the current status of research on heteroatomic
single-walled nanotubes (SWNTSs): boron nitride (BN), B-C, C-N, and B-C-N.
We present developments in the synthesis, the characterization, and the properties
measurements and theoretical studies. These nanotubes have unique properties
when compared with that of their carbon counterparts. For instance, BN-SWNTs are
chemically inert, resistant to oxidation at high-temperature, and most importantly,
possess a uniform electronic structure that is independent of their geometry. In the
first part of this chapter, we review the different synthesis methods employed to
produce these nanotubes (high and medium-low temperature processes). We then
turn to the study of the atomic structure of these nanomaterials by different trans-
mission electron microscopy techniques as well as we review the works concerning
the growth mechanism of these nanotubes. Finally, the main physical (electronic,
vibrational, optical, mechanical, electromechanical, and thermal) and chemical
(functionalization and hydrogen storage) properties of these heteroatomic SWNTs,
particularly the case of BN, are outlined, followed by the presentation of the potential
applications of these nanoobjects.

1 Introduction

In the last two decades, a huge interest in the scientific community has been devoted
to the study of nanomaterials. The nanotubes are the most representative example of
these nanomaterials leading this research and industrial effort because of their
unique physical properties. Although carbon nanotubes (C-NTs) were the first of
these objects to be synthesized and remain the most well-known, they are not the
unique form of nanotubes. Other heteroatomic nanotubes have been produced, for

R. Arenal (3<) and A. Loiseau (I1)

Laboratoire d’Etude des Microstructres (LEM), UMR 104 CNRS-ONERA,
Avenue de la Division Leclerc, 92322 Chatillon, France

e-mails: raul.arenal @onera.fr, loiseau @onera.fr

Y.K. Yap (ed.), B-C-N Nanotubes and Related Nanostructures, 45
DOI: 10.1007/978-1-4419-0086-9_3, © Springer Science + Business Media, LLC 2009



46 R. Arenal and A. Loiseau

instance: molybdenum disulfide (MoS,), tungsten disulfide (WS,), titanium dioxide
(TiOz), B-C, C-N, B-C-N, and boron nitride (BN). Among all these nanotubes,
the latest nanotubes (B—C—, C—N—, B-C—N- and BN-NTs) have generated intense
interest because of their novel properties, which make them an attractive alternative
to undoped carbon counterparts (C-NTs). BN-NTs were synthesized soon after
the discovery of C-NTs by lijima [1] and became the most interesting heteroatomic
NTs. They possess the same hexagonal structure, with boron and nitrogen atoms on
alternate lattice sites. The result is a highly polar dielectric material, with a predicted
wide band gap larger than 5.5 eV, which is expected to be independent on the tube
diameter and helicity [2—4]. These tubes have a potential interest for UV emitters
and for high-power high-frequency electronic devices; they also have outstanding
mechanical properties, are chemically inert, and can be used as protective cages for
nanomaterials [5, 6]. Furthermore, doped C-NTs (C-N, B-C, or B-C-N) that can
introduce donor or acceptor states near the Fermi level are thought to be a promising
approach for tailoring the electrical and optical properties of C-NTs. Thus, significant
efforts have been devoted for finding efficient methods for doping C-NTs, which are
reviewed in this chapter and are also discussed in the chapters by Blase and Chacham,
Yu and Wang, Filho and Terrones of this book.

As for C-NTs, these heteroatomic (B, N, and BN-doped carbon, and BN) nanotubes
can display two different morphologies: multi-walled (MW) or single-walled nano-
tubes (SWNTs). To date, heteroatomic MWNTSs have been more widely studied
than SWNTs because of difficulties for synthesizing the latter ones. In this chapter,
we will focus on the SWNTs, since they can be considered as the perfect model
system for exploring their properties: transport, mechanical, optical, field-emission,
etc. In fact, from a heuristic model, a SWNT is structurally equivalent to a sheet of
graphene (or hexagonal BN layer) rolled into a tube [7]. Thus, the interpretation
and modelisation of their properties are easier and more reliable because interwall
interactions as well as the number of layers have not been considered.

This chapter is organized as follows. In the first section, we present the synthesis
methods and distinguish between high and medium temperature techniques. In the
second section, we examine how the structure and the composition of the tubes can
be identified and analyzed by combining different modes of transmission electron
microscopy (TEM). In this section, we also discuss how the inspection of the samples
by TEM provides clues about their growth mechanism. The third section is devoted
to their physical and chemical properties, with a particular emphasis to their transport,
optical, and vibrational properties. Finally, in the conclusion, we draw some perspectives
and challenges for future research on hetero-atomic tubes.

2 Synthesis Methods

In comparison to single-walled C-NTs, there is a significant lack of successful
synthesis studies of BN and doped (B, C, or BN) carbon SWNTs. It proves that it
is extremely difficult to synthesize those SWNTs using well-established techniques
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for the undoped C-SWNT production: chemical vapor deposition (CVD), arc discharge,
or laser ablation. However, even if it represents a great challenge, recently several
teams have succeeded in producing different kinds of SWNTs. Nevertheless, it is
worth noticing that there is not a suitable control of their synthesis yet.

As in the case of undoped C-SWNTs, for doped and heteroatomic SWNTs, it is
possible to distinguish between low and high-temperature synthesis methods. All these
methods have been inspired from those used for the production of C-SWNTs.

2.1 High Temperature Methods

These synthesis methods are based on the vaporization of a solid target at temperatures
higher than 3,000° C. Two different techniques can be distinguished for achieving the
vaporization process: arc discharge and laser vaporization.

2.1.1 Arc Discharge

This method was first employed to produce fullerenes [8]. It consists in establishing
a hot plasma between two graphite electrodes, leading to the consumption of the
anode and to the formation of a carbon deposit on the cathode. In 1991, Iijima
discovered that this deposit contained a variety of graphite-like structures, among
these were MWNTs [1]. Shortly afterwards, Ebbesen and Ajayan adapted this
method to produce MWNTs in bulk quantities by simply varying the synthesis
conditions [9]. Furthermore, C-SWNTs were synthesized for the first time in 1993
via this technique [10] by adding a metal catalyst — such as Ni, Co, Ni—Co — to the
graphite powder of the anode. Although this technique can be easily implemented,
its main drawbacks are, on one hand, the necessity for the electrodes to be electrically
conductive, and on the other hand, the amount of carbon-based by-products and
metal particles that cannot be easily removed.

Doped CN -SWNTs have been synthesized using this technique by Droppa et al.
[11] and recently by Glerup et al. [12]. In the former case, the synthesis was
achieved by vaporizing a rod containing a mixture of graphite and catalyst under a
helium—nitrogen atmosphere [11]. It is worth mentioning that in this work, there is
no a TEM micrograph showing the presence of these CNx-SWNTs. Thus, the
production of these SWNTs is only deduced from the interpretation of Raman and
X-ray photoemission spectroscopy (XPS) measurements. Hence, as we will discuss
later, such kind of bulk measurements are not sufficient to investigate these nano-
materials and local probe (atomic resolution) investigation techniques are required.
In the second case [12], the synthesis consisted in evaporating composite anodes
containing graphite, melamine, and Ni/Y catalyst particles under a helium atmosphere.
The presence of CN -SWNTs is attested both by TEM observations and spatially-
resolved electron energy loss spectroscopy (SR-EELS) measurements of the N
concentration at a nanometer scale within the tubes. The tubes were found to display
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the same morphology than their carbon analogs and to contain around 1 at.% of N
incorporated into the hexagonal network structure.

As far as we know, even if arc discharge technique has been employed to
produce B C-MWNTs [13], this technique has not proved up to now its ability
to synthesize BxC-SWNTs. However, the very first BN-MWNTs [14] and BN-SWNTs
[15] have been synthesized using an adapted arc discharge technique. In this case
indeed, the insulating character of the h-BN compound, which is the analog of
graphite, prevents one to proceed as for C-NTs that is to arc two h-BN electrodes.
This difficulty has been overcome in 1996 by arcing HfB, electrodes under a partial
pressure of nitrogen gas [15]. HfB, is a metallic compound with a high melting
point and known for its ability to chemically react at high temperature with N, in order
to form h-BN. With this experimental procedure, a mixture of pure BN-SWNTs and
BN-MWNTs made of a few and highly crystalline layers (2—10 maximum) could
be produced for the first time but in low yield. Nevertheless, a variant of the
conventional arc discharge approach has recently been developed by Lee et al. [16],
which is pointed out to be a promising method for a large scale production of BN
nanotubes. This method uses the arc jet technique (also known as the plasma torch),
which has the advantage to be a continuous process, where the precursor material
consists in a mixture of h-BN and catalytic powders (Ni and Y), the forming plasma
gas is a mixture of Ar and N, and the temperature is between 5,000 and 20,000
K. The product was shown to be a mixture of highly crystalline BN-SWNTs and
BN-MWNTs.

2.1.2 Laser Vaporization

Laser vaporization technique is an alternative high temperature route to arc discharge
approach to the synthesis of SWNTs. For undoped C-NTs, it consists in the vaporiza-
tion by a pulsed or a continuous laser of a carbon target, which contains a mixture of
catalyst particles under a flow of argon or helium. In the case of heter-atomic and doped
SWNTs, one has to adjust the target composition and the other synthesis parameters as
gas nature, pressure, and flow depending on the desired nanotube composition.

Lee et al. [17] and Arenal et al. [18, 19] have shown that high yields of
BN-SWNTs can be produced with a high crystalline quality. This technique is so far
the unique route to synthesize BN-SWNTs in high quantities. The synthesis of these
BN-SWNTs consists in the vaporization of a hexagonal BN target via a continuous
CO, laser under a nitrogen flow at a pressure 1 bar. The temperature at the surface
of the target is ranging from 3,200 to 3,500 K. The collected soot consists in a
mixture of nanotubes and nanoparticles. Nanotubes are SWNTs, with some (about
20%) multiwall (primarily double-wall) nanotubes. SWNTs are either isolated or
organized in small bundles made of 2—10 tubes, as shown in Fig. 1d. The tube length
is typically several hundreds of nanometers with few tubes exceeding 1 mm.

Recently, the same laser reactor has been employed to synthesize N-doped
C-SWNTs and B-C-N-SWNTs [21-23]. The synthesis conditions were adapted
from those used for the synthesis of C-SWNTs [24] and for BN-SWNTs [17, 19].
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Fig. 1 (a—c) High-resolution TEM (HRTEM) images of B, N, and BN-doped single-walled
carbon nanotubes, as well as pure BN-SWNTs [18]. (a) Reprinted from [20], with permission
from Elsevier. (b) Reprinted from [12], with permission from Elsevier. (¢) Reprinted from [21],
with permission from American Chemical Society

The buffer gas is now not an inert gas (He or Ar) but one of the reactant (N,) as for
the synthesis of BN-SWNTs. For N-doped C-SWNTs, the target is made of a
graphite powder mixed with catalyst powders (Ni/Y), and the Ni/Y/C proportion is
4.2:1:94.8 at.%, which is proved to be the optimal condition for the synthesis of
C-SWNTs [25]. The resulting tubes present structure and morphologies very similar
to that of their carbon analogs, whereas the concentration in nitrogen is estimated to
be around 1 at.% from electron energy loss spectroscopy (EELS) analysis performed
on individual nanotubes [23]. Concerning (B—C-N)-SWNTs, the target employed
was a mixture of boron, carbon, and metal catalyst (Co/Ni) [21]. Again, structure and
morphologies of these tubes are very similar to their carbon analogs. As detailed in
Sect. 3.2, EELS analyses revealed that C, B, and N are not homogeneously distri-
buted along the tube wall but that B and N build small domains embedded into the
graphitic network.

Laser vaporization technique has been also employed to synthesize ropes of
C-SWNTs and other B—C-nanostructures by Gai et al. [26]. A Nd/YAG laser was
employed to ablate a target of Co/Ni/B doped carbon under Ar flow. In this work,
the authors demonstrate the difficulty to incorporate a large concentration of B in
the carbon network. These results are consistent with the work of Lowell [27] on
B-doped graphite.

In summary, laser vaporization technique has shown its ability and its flexibility for
the synthesis of different kinds of heteroatomic SWNTs. Furthermore, this approach
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is very adequate since it permits a very good control of the different synthesis
parameters. Nevertheless, such kind of technique presents two major limiting factors
for the large-scale production, the cost, and the impossibility to operate continuously.

2.2 Medium-Low Temperature Methods

Medium-low temperature synthesis approaches concern techniques carried out at
temperatures lower than 2,000°C, as is the case of CVD and carbo-thermal reaction.

2.2.1 Chemical Vapor Deposition

For undoped C-NTs, CVD approach involves the decomposition of gaseous hydro-
carbons (methane, carbon monoxide, acetylene, etc.) over metal catalysts (Co, Ni,
Fe, Pt, Pd, etc.), using an energy source, usually the heat of a furnace (thermal
CVD) assisted or not by a hot filament (HF-CVD) or a plasma generator (PE-CVD).
Metal catalysts are deposited on a substrate or spread into the reactor chamber. The
energy source is used to crack, at the surface of metal catalyst particles, the carbon
molecule into reactive atomic carbon. Carbon atoms are assumed to self-organize
by diffusing at the surface and in the bulk of the catalytic particles in order to build
the nanotube walls at the surface of the particles. In most cases, the diameter of the
tubes is directly linked to that of the particles and should therefore be below 5 nm
for the growth SWNTs [7]. The temperatures for nanotubes synthesis are generally
within the 650-900°C range.

CVD techniques have been widely employed for the synthesis of hetero-atomic
nanotubes. However, most of the studies report on multiwall nanotubes. As far as we
know, there is no study on synthesis of BN- or BxC-SWNTs using CVD techniques.
Concerning the other kind of doped C-SWNTs (N and B—-C-N), a few teams have
succeeded in their synthesis using CVD methods.

Isolated CN -SWNTs were synthesized on bare quartz and SiO,/Si substrates by
CVD approach in which xylene and acetonitrile were used as carbon and nitrogen
sources, respectively [28]. Raman modes were found to be highly sensitive to the
nitrogen concentration, indicating a dramatic change in the structure of the tubes. In
this context, Villalpando-Paez et al. reported the synthesis of N-doped C-SWNTs
using an aerosol-assisted CVD, which consists into the thermal decomposition of
ferrocene/ethanol/benzylamine solutions in Ar atmosphere at 950°C [29]. The authors
observed that upon increasing nitrogen concentration, there is a clear change in the
electronic and structural properties of the NTs. More recently, Ayala et al. synthesized
CNx-SWNTs by CVD varying the feedstock composition between pure acetonitrile
and ethanol/acetonitrile mixtures [30]. These authors pointed out that the morphology
of the NTs material (which is a mixture of SWNTs and MWNTS5s) strongly depends on
the composition of the reactive atmosphere. Furthermore, they also noticed that the
temperature has a strong influence on the NTs’ diameter distribution.
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Recently, Wang et al. have reported a large-scale synthesis of (B—C—N)-SWNTs
using a bias-assisted hot filament CVD method [31]. These authors employed
MgO-supported Fe-Mo bimetallic catalyst, CH,, B,H,, and ethylenediamine vapor
as reactant gases to produce this high yield of NTs.

To summarize, the main advantage of CVD technique for the synthesis of
heteroatomic SWNTs is that it could easily be scaled up for large-scale production
with relative low-cost even if it is not yet the case. Nevertheless, their major draw-
back is that usually the produced nanotubes using this method have a high density
of defects in their structure.

2.2.2 Carbothermal Synthesis Approach

The carbothermal process is a modification of one of the most widely used synthesis
methods of h-BN, which is known as the “amide” way [32-34]. h-BN is obtained
from the reaction of boron oxide (or boric acid) with ammonia at a temperature close
to 900°C. Thus the carbothermal approach consists in the carbothermic reduction of
boron oxide using pure carbon like reducing agent in the presence of nitrogen at a
temperature between 1,000 and 1,450°C [35-37]. Because of its high formation
enthalpy, boron oxide is very stable and can be only reduced by carbon at high
temperatures (>1,000°C) [38]. One of the possible reactions taking place is:

B,O,(s) + 3C(s) + N,(g2) — 2BN(s) + 3CO(g) (1

This synthesis method has been first adapted and successfully employed for the
production of BN-MWNTs [39, 40]. Recently, Han et al. [41] used it to synthesize
a mixture of SW- and MW-""BN-NTs via the reaction of '’B,0, and C-NTs, under
a flowing nitrogen atmosphere at 1,580°C. Although the diameters of these
BN-NTs were smaller than those of the starting C-NTs, their lengths were similar.
The authors pointed out that the isotopic ratio of '°B in BN-NTs depends on the
isotopic ratio of the starting B,O,.

BxC-, CNx-, and (B—C-N)-SWNTs can also be produced by chemical substitution
treatment of undoped C-NTs used as templates [20, 42]. Golberg et al. reported the
first studies on the synthesis of high yields of bundles of BxC- and CNx-SWNTs,
using this carbothermal process [42]. The partial substitution is carried out in the
presence of boron oxide vapor and nitrogen gas at 1,500-1,700 K. The authors
found that almost 100% of the starting C-SWNT bundles were converted in to B
and N-doped C-SWNT bundles.

More recently, Borowiak-Palen et al. have reported the production of B-doped
C-SWNTs by heating boron oxide in the presence of pure carbon SWNTSs and NH,
at 1,150°C [20]. The raw material was characterized by TEM and EELS as well as
by bulk sensitive methods such as optical spectroscopy, X-ray photoemission
spectroscopy (XPS), and bulk sensitive high-resolution EELS. Via EELS measure-
ments, the authors found that the local boron concentration within a SWCNT bundle
can range between 10 and 20 at.%, which represents a very high content, when
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compared with that of previous studies. These authors attributed this high concen-
tration to the use of ammonia instead of nitrogen as carrier gas, since ammonia is
chemically more active. It is worth mentioning that such a high concentration
is not suitable for standard semiconductor doping level (<1%). Thus, the potential
applications of these materials are limited in such field.

To summarize, the substitution technique seems to be a promising and flexible
technique for producing different kinds of hetero-atomic tubes. One can expect to
be able to produce different spatial distributions of B and N within the walls than
those one can obtain from direct synthesis techniques.

3 Structural and Composition Analysis via
Transmission Electron Microscopy

To study the properties of these nanomaterials as well as to improve and to control
their synthesis, the knowledge of their structural and chemical characteristics are
highly required. Hence, the physical properties, in particular the optical and electronic
properties, of a nanotube depend on the distribution of its constituent elements. The
morphology, composition, and elemental distribution of these nanotubes are dictated
by a number of factors, namely the formation mechanism, operating conditions,
precursors, gas composition, and catalyst. Thus, a deep knowledge of their chemical
composition at the nanometer scale as well as the concentration of the doping elements
is needed. TEM has been the key technique throughout the history of research and
development on nanostructured materials in particular in the case of nanotubes [7,
43]. Several TEM techniques have been widely employed to investigate the morphol-
ogy, the atomic structure, and the chemical composition of these nano-objects:
conventional TEM imaging, high resolution (HRTEM), electron diffraction (ED),
X-rays energy dispersive spectroscopy (EDS), and EELS. Other spectroscopic
techniques such as XPS or macroscopic EELS (high resolution EELS) have been
used to investigate the doping of C-NTs [20, 30, 44, 45]. Their major drawbacks
are that they provide an average bulk measurement and do not discriminate between
the nanotubes and the impurities present in the raw sample. In this section, we
present a review concerning the works on the characterization and study of the
atomic structure and elemental composition of heteroatomic (B, N, and BN-doped
carbon, and BN) SWNTs using a set of these TEM techniques.

3.1 Transmission Electron Microscopy: HRTEM
and Electron Diffraction

It is well-known that HRTEM imaging mode gives access to the crystallographic
structure, at the atomic scale, of a sample [46]. That is the reason why it is an
invaluable tool to study nanoscale properties of materials. It is a matter of fact that
C-NTs have been identified 17 years ago using this technique which still remains the
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most widely employed approach to study both their morphology and structure. Moreover,
because C-NT can be considered as a weak phase object (it is the ideal example
where this approximation applies), great simplifications can be made in the electron
imaging theory (dynamical diffraction effects and nonlinear imaging process can be
neglected to some extent), which makes easier the imaging interpretation.

Via HRTEM it is possible to obtain, under particular imaging conditions, a direct
image of the atomic arrangement in a nanotube and then, as we shall see later, to
determine the diameter and the helicity of the nanotubes [7, 43]. It is worth men-
tioning that the full identification of a nanotube requires to know the chiral indices
(n, m), which are related to these two parameters (diameter and chiral angle), and
see the chapter by Lee, Wang, Kayastha, and Yap. As a general feature, definition
of the appropriate imaging conditions and their analysis are supported by image
simulations within the dynamical theory [7, 17, 18].

In standard HRTEM (HRTEM microscopes are considered to provide a point
resolution around 0.2 nm) image of an individual SWNT observed in longitudinal
projection, the tube is imaged by a set of two parallel dark fringes, which correspond
to the projected maximum atomic density [7]. Providing to use Scherzer focus
conditions, the tube diameter can be directly measured from the fringe spacing with an
accuracy of +£0.5 nm. In the case of bundles of SWNTs, the diameter of a particular
individual NT cannot be measured directly. In fact, the bundle lattice distance, only,
can be measured from a HRTEM image of a bundle observed in a longitudinal
projection. The image, indeed, consists in a set of lattice fringes, the spacing of
which depends on the orientation of the electron beam with respect to the bundle
lattice ((11) or (20), in 2D notation). Thus, the mean diameter of the nanotubes can
be determined by measuring this lattice distance, knowing the van der Waals
distance between the NTs in the bundle [7]. Whatever nanotubes are observed
individually or assembled in bundles, the image contrasts described earlier are not
sensitive to the presence of atoms in substitution to carbon such as boron or nitrogen,
since they behave as weak phase objects as well, and display a phase contrast very
close to that of carbon. As a result, Figs. 1 and 2 correspond to a set of typical

Fig. 2 (a, ¢) HRTEM images of B- and N-doped C-SWNTs. Reprinted from [42], with permission
from Elsevier. (b) HRTEM micrograph corresponding to different objects present in a BN-NTs
sample: BN-NTs (single-walled (individual or organized in small bundles) and multiwalled (mostly
double-walled)), cages and other kinds of nanoparticles [18]
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electron micrographs showing different samples of boron (Fig. la from [20] and
Fig. 2a from [42]), nitrogen (Fig. 1b from [12] and Fig. 2¢ from [42]), and BN (Fig.
1c from [21]) doped carbon SWNTs observed individually or in bundles, as well as
pure BN-SWNTs (Fig. 1d [18] and Fig. 2b from [18]). In all these cases, one cannot
discriminate the nature of the elements present in the tubes but can only determine
the tube morphology. The tube diameter and length obviously depend on the
synthesis technique. On the one hand, heteroatomic tubes produced by the laser
vaporization technique have been found to display the same diameter around 1.4
nm as their carbon analogs [22, 23]. On the other hand, Golberg et al. pointed
out a drastic change in the diameter of the tubes after the carbothermic reaction
performed on C-SWNTs [42].

The graphitic lattice can be imaged when the point resolution of the HRTEM used
for the observations is below 0.22 nm [7]. In this case, it is possible to determine the
helicity of the tube in addition to its diameter. Such an example observed for a sample
of BN-SWNTs is displayed in Fig. 3a, where Fig. 3b is an enlarged image of the wall
fragment of the nanotube of Fig. 3a. A periodic array of black dots is observed, located
at the edge on part of the tube and along its axis, in place of the dark fringe seen in
the previous micrographs. The dots and fringe periodicity is equal to 0.21 nm and
corresponds to the periodicity of the lattice planes normal to the [10-10] direction of
h-BN [7, 17, 18]. Imaging simulations using the EMS code [17, 18, 47] have shown
that this periodic contrast can only be observed for tubes having the zigzag configura-
tion (helicity angle = 0°). The image simulation calculated for a zigzag tube shown in
Fig. 3c attests its reliability with the experimental contrast. It has to be mentioned that
the observation of such a contrast is very rare in C nanotubes (both MWNT and
SWNT) especially when they are produced using a high temperature technique such
as laser ablation or electric arc [7]. Its frequent observation in BN-SWNT indicates that
BN-NTs present a preferential zigzag atomic configuration, in contrast to the carbon

Fig. 3 (a) HRTEM of a BN-SWNT. (b) Enlargment of the contrast observed in the area indicated
by an arrow in (a). (¢) Image simulation of a BN-SWNT having the zigzag configuration. The
hexagonal network of the tube is drawn in white lines. Figures from Arenal et al. [18]
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case. Similar observations have been reported for BN-MWNTS synthesized by various
techniques. They confirmed this preferential zigzag arrangement of BN-NTs, which is
independent of their synthesis method and then of their morphology [48, 49]. In the
case of (B-C-N)-SWNTs, Golberg et al. showed that in these doped SWNTSs there
was not a dominant atomic arrangement since zigzag and armchair (chiral angle = 30°)
configurations can be indistinctly observed [42]. To our knowledge, this kind of studies
had not been performed on CNx- or CBx-SWNTs.

The example of Fig. 3 attests that HRTEM is a powerful technique to investigate
the nanotubes atomic structure. Structural defects can also been studied by this
technique. Recently, Zobelli et al. studied the defects and irradiation effects on
BN-SWNTs combining HRTEM images and theoretical calculations [50]. They
showed that the point defects formed under electronic irradiation were mainly diva-
cancies, see Fig. 4, and concluded that under irradiation the electronic and optical
properties of BN-SWNTs can be dramatically modified.

Recent HRTEM microscopes equipped with an objective C_ corrector make
possible to get direct images of the atoms building the graphitic lattice [51] and
therefore to determine not only the helicity but also the defects present in the tube
wall such as pentagons. With this new generation of microscopes, the location of
heteroatomic atoms might possible in a near future. By this way, it would be possible
to know whether doping atoms such as B or N are simply substituted to a C atom
in the graphitic network or adopt another atomic configuration involving vacancies
or pentagons, or implying a local deformation of the network.

In any case, whatever the instrumental capability of the microscope, the measure-
ment of the nanotube helicity via HRTEM is difficult for three main reasons.
First, HRTEM image features are very sensitive to the orientation of the tube with
respect to the electron beam and a careful control of the tube orientation cannot
always be achieved. Second, the contrast of the image is very low. The contrast
related to the zigzag configuration shown in Fig. 3 is a very peculiar situation since
it is particularly strong and can easily be detected. This is not the case for chiral and
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Fig. 4 (a, b) Two HRTEM images of a bundle of boron nitride nanotubes taken after irradiation
times of # =0 s and 7 = 20 s. (b) This shows the appearance of single bright spots on the lower
tube of the bundle associated with a small decrease in the tube diameter. As already shown in the
case of carbon, such bright spots can be interpreted as the signature of point defects such as single
vacancies. (¢, e) Relaxed structures corresponding to single boron vacancy (c¢) and BN divacancy
(e) for a (14,0) tube. (d, f) Corresponding HRTEM simulated images. Reprinted from [50], with
permission from the American Chemical Society
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armchair configurations. Finally, even if technically possible, the complete deter-
mination of the structure via HRTEM is restricted to individual tubes. In this
context, ED provides an alternative to perform such kind of studies. In fact, ED is
the most direct and powerful approach for determining the atomic structure
geometrically characterized by two parameters (diameter and chirality) and the
(n, m) indices of a given tube, whatever its chirality, as we shall see later. It is worth
mentioning, as shown by Lambin et al., that BN and C nanotubes exhibit the same
diffraction patterns, except for possible small variations in the diffraction intensities
[52]. That is also the case for any heteroatomic nanotube as far as it is formed by a
hexagonal-graphitic network.

Two different TEM techniques are available for recording an ED pattern (EDP):
selected area electron diffraction (SAED or SAD) and parallel nanobeam electron dif-
fraction (NB-ED). The main advantage of NB-ED is to reduce the specimen area
illuminated by the electron beam below 50 nm, which is very useful (even necessary) for
analyzing individual nanotubes. This latter technique was used for studying BN-SWNTs.
As an example, Fig. 5a shows the bright field image of a BN-SWNT acquired under
nanoprobe illumination and Fig. 5b shows the corresponding ED pattern. In this
pattern, the intensity is discretely distributed on lines known as “layer-lines” [52]. Both
tube diameter and chiral angle can be extracted from such pattern. First, the central line
called the “equatorial line” consists in a series of intensity maxima whose spacing is
directly equal to the inverse of the tube diameter. Second, spacing between other layers
lines provides with an accurate determination of the chiral angle of the tube [53].
In the case of individual SWNTs, their chiral (n, m) indices are determined as the best
value fitting experimental EDPs and simulated EDPs calculated using kinematical
electron theory [49]. In the case of the BN-SWNT of Fig. 5, chiral angle is found to be
equal to 2.01° and the tube diameter (d) equal to 2.36 nm. The corresponding EDPs
were simulated with these parameters, and the chiral indices were determined as the
best fit between experimental and simulated EDPs. The BN-SWNT of Fig. 5 is thus
unambiguously identified as a (29, 1) configuration.

The most complete diffraction study performed so far on heteroatomic nanotubes
concern BN-SWNTs synthesized by laser vaporization [49]. As a result of the analysis

Fig. 5 (a) Bright field image of a BN-SWNT taken under nano-beam illumination. (b) and (c)
experimental and simulated EDPs of this BN-SWNT, respectively. These EDPs are assigned
unambiguously to a (29,1) NT
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Fig. 6 Number of boron nitride nanotubes as a function of the chiral angle, deduced from the
analysis of the EDP. Reprinted from [49], with permission from the American Institute of Physics

of more than 100 NTs [49, 54], Arenal et al. found that 25% of BN-NTs have helicities
between 0° and 5°, among which 12% are strictly zigzag, see Fig. 6. This result is well
consistent with HRTEM observations and explains why zigzag or nearly zigzag
configurations are easily observed in contrast to C-SWNTs [17, 18]. Concerning other
kinds of heteroatomic tubes, the only available study of nanotubes’ helicity distribution
is, to our knowledge, that performed by Golberg et al. on (B—-C-N)-SWNTs produced
via carbothermal reaction. As for carbon analogs, they have not found any preferential
atomic configuration [42]. We would like to notice that the impact of the presence of
N or B atoms on the helicity of the tubes has not yet been studied.

As mentioned earlier, the knowledge of the atomic structure of nanotubes, in
particular their helicity, is crucial. Thus we point out that the influence or the role
that the heteroatoms (B, N or BN) could play on the helicity of the tubes is still an
open question. As we will show later (in the section concerning physical properties),
some Raman spectroscopy measurements and optical properties studies seems to
indicate, for instance, that boron mediates the growth of smaller-diameter zigzag or
near-zigzag nanotubes [55, 56].

3.2 Transmission Electron Microscopy:
Electron Energy Loss Spectroscopy

EELS in a TEM is an essential and powerful technique to perform structural and
chemical composition studies at the nanometer scale, making therefore possible the
inspection of individual nanostructures. Two kinds of information can be basically
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extracted from EEL spectra depending on the investigated energy loss range: core
loss region gives access to the chemical and electronic structure of the material
whereas low loss region (<50 eV) provides information on its electronic structure
[57]. In this section, we shall discuss only the results coming from the exploitation
of the core loss region. Analysis of the low-loss region will be presented in the next
section and illustrated by the case of BN-SWNTs.

Basically EELS consists in the measure the energy losses of electrons resulting
from the specific inelastic interactions of the electron beam with the specimen.
Characteristic elemental edges of the core loss region correspond to the excitation in
the material of an electronic transition from a core shell. These edges contain near
edge fine structures with chemical information similar than those of X-ray absorption
edges. Thus EELS in the core loss region provides informations on the chemical
species present in the samples, on their concentration, and spatial distribution at a
nanometer scale. Furthermore, nature of the chemical environment and chemical
bonding can be extracted at least qualitatively from the fine structures near absorption
edges (ELNES). As far as B-C—N nanotubes are concerned, these different informa-
tions require inspecting C-, N-, and B-K edges and their fine structures.

Spatially resolved (SR) spectroscopic information can be recorded using a
scanning TEM (STEM) under a particular acquisition mode called spectrum-imaging
(SPIM) or spectrum-line (SPLI) [58]. These modes consist in the acquisition of one
EEL spectrum for each position of the probe scanning over a 2D region (SPIM) or
a line (SPLI) at the surface of the nanotubes and nanoparticles. The spatial resolution
of this technique is mainly limited by the size of the probe and in the case of a dedicated
STEM instrument the size probe is namely around 0.5 nm. From the collection of
spectra recorded in a SPIM (SPLI), one can extract 2D elemental maps (1D elemental
profile) corresponding to the different elements present in the sample with a perfect
spatial correlation. However, it is worth mentioning that such measurements must
be done under particular illumination conditions to avoid any tube damage. In fact,
the structure of heteroatomic C-NTs is in general very sensitive to the electron
beam, and can be modified and get amorphous.

Energy-filtered TEM (EFTEM) mode is an alternative method for recording
elemental maps, based on EELS. For both techniques (EFTEM and SPIM), the energy-
loss processes are identical; the only difference between them is how the information
is acquired. In EFTEM an elemental map is directly recording by selecting with an
energy window, an energy range corresponding to a given core edge. If different
elements are present in the sample, elemental maps should be captured serially.

All these capabilities have been extensively used as they are the only way to
investigate locally the chemical structure of heteroatomic nanotubes and then to get
some clues about their formation mechanism. The first demonstrative example is
provided by BN-SWNTs. The use of a dedicated STEM, allowing to develop
SR-EELS studies, was crucial to establish/proof that BN-NTs, synthesized by the
laser vaporization technique, corresponded to a sp*-bonded BN structure where
boron and nitrogen were uniformly distributed in the tube wall according to a ratio
equal to unity [18, 19]. These results are illustrated in Fig. 7. This figure shows a
SPLI recorded across a BN-SWNT (bright field image in the inset of Fig. 7a) and



Heteroatomic Single-Wall Nanotubes Made of Boron, Carbon, and Nitrogen 59

one EEL spectrum extracted from this SPLI where the fine structures of the boron
and the nitrogen K edges are visible (Fig. 7b). Furthermore, the chemical composi-
tion of the various nanostructures accompanying the nanotubes in the samples has
been examined in the same way [18, 19, 59, 60]. As boron was found to be present
under various states, — namely B, B203, and h-BN — in these nanostructures, Arenal
et al. developed a statistical analysis technique to extract, from EELS-SPIM, the
spatial distribution of this element according to the nature of its chemical bonding.
As a result, two kinds of boron-based nanoparticles could thus be identified: pure
boron particle encapsulated at the tip of the nanotube and boron particles covered
by a thin B,O, layer and encapsulated into a h-BN cage. The former case (particle
encapsulated at the tip of the nanotube) is displayed in Fig. 8§ where the chemical
bonding maps of boron (boron pure (c) and BN ((d) and (e)) at the nanometer scale
have been obtained [19, 60]. We shall see in the next section that these features
were very valuable for understanding the growth mechanism of BN-SWNTs.
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Fig. 7 (a) Spectrum-line recorded accross the BN-SWNT shown in the bright field image (inset).
(b) EEL spectrum extracted from (a) showing the boron and nitrogen K edges. Figures from
Arenal et al. [18]
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Fig. 8 (a, b) Bright and HAADF images of a bundle composed by 2 BN-SWNTs, respectively.
(c—e) NNLS maps of boron and boron nitride (d, e) for the two extreme orientations (electron
beam perpendicular and parallel to the ¢ axis), respectively. It can clearly be seen that the core
boron particle surrounded by the boron nitride network. This figure is modified from Fig. 6 in
Arenal et al. [19]
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Furthermore, since h-BN is an anisotropic material, the fine structure of the B-K
and N-K edges strongly depend on the orientation of momentum transfer (q) with
respect to the lattice [60, 61]. Thus the chemical bonding maps of the sp? BN lattice
of the two extreme orientations (the electron beam parallel and perpendicular to the
anisotropic axis (c)), shown in Fig. 8d, e, provide an additional proff that BN-NTs
consist in a sp? bounded structure.

Determining the composition of doping element such as boron or nitrogen, its
distribution in the carbon network and its atomic configuration is a very delicate and
crucial question, especially in single-wall nanotubes, where the recorded EELS sig-
nals are always very low. Several studies have been performed on CNx-MWNTs.
Depending on the local N concentration which can vary from a 1-2 at.% to 30 at.%
according to the synthesis technique, N is found to be simply substituted in the
graphitic network or to display different local bonding environments reminding that
of N in the pyridine and pyrrolic molecules [44]. Investigations of N-doped SWNTs
synthesized by electric arc [12] and by laser vaporization [21, 23] have been both
performed using SR-EELS on a STEM machine. For each tube inspected, the electron
beam was probing a fragment of about 5 nm in length of the tubes. Figure 9 shows
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Fig. 9 Electron energy loss spectrum recorded on the CN -SWNTs bundle shows in the bright
field image (marked by an arrow). The EEL spectrum displays the C—K and N-K edges. The N-K
edge is emphasized in the inset. The nitrogen content in these nanotubes is close to 1 at.%. This
figure is modified from Fig. 2 in Hong et al. [23]
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typical C-K and N-K edges recorded under these conditions on the NT bundle
shown in the bright field image. Both kinds of tubes display remarkable structural
similarities. From the intensity of N-K edge recorded on a statistical number of
tubes, the nitrogen content was quantified to be around 1 at.%. From the C-K edge,
it can be deduced that the nanotubes consist of a typical graphitic network with the
typical sp*type bonding and that the tubes are very well graphitized [62]. The fine
structure of the N-K edge is emphasized in inset of Fig. 9. It displays a triangular ¢
band at ~ 405 eV, which is characteristic of CNX materials. Two other weak features
can be observed at ~ 398 and ~ 402 eV, respectively. They could be attributed to the
7" states of the pyridine-like and graphitic-like configuration, respectively, as com-
monly reported in the literature for CNx-MWNTs [12]. It should be emphasized that
the same features are observed on XPS spectra [45]. However, the detailed identifi-
cation of N local environment is far from being complete. The correlation commonly
made with pyridine-like and graphitic-like configurations is only indicative of the
fact that N displays two kinds of chemical bonding when embedded into a carbon
wall. For a more quantitative description of the N-C chemical bonding, it would be
necessary to correlate experimental data with accurate theoretical calculations,
which is a complex piece of work and has not been achieved yet.

In contrast to CNx SWNTs, there is a very few data concerning B doped
C-SWNTs. Gai et al. used SR-EELS to study B-doped carbon nanomaterials samples
synthesized by laser ablation [26]. The authors pointed out the absence of B in the
bundles of C-SWNTs for samples produced from targets containing from 1.5 to
10% of boron. Nevertheless, they detected an unexpected presence of N in a sample
synthesized from a target containing 2.5% of B, as well as nanoparticles of B,C in
a sample synthesized from a target containing 10% of B.

We finally consider single-wall nanotubes made of C, B, and N. Via the combi-
nation of HRTEM and SR-EELS on a STEM analysis, Enouz et al. [21] showed that
B-C-N nanotubes, synthesized by the laser vaporization technique, were well
made of carbon, boron, and nitrogen located at the vertices of a honeycomb lattice.
Nevertheless, these authors also demonstrated that the distribution of these elements
was not uniform. Chemical maps extracted from EELS spectra (Fig. 10a, b) reveal
that boron and nitrogen segregated from carbon to form small BN domains (1-2 nm
long) embedded in the carbon network. Furthermore, existence of BN sp? bonds is
confirmed by the fine structure of B-K and N-K edges (Fig. 10c), which are very similar
to those encountered in pure BN tubes (Fig. 7). The BN-entities are a few nanometer
square and replace not more than 10 at.% of C locally and 5 at.% in average within
a given rope, as attested by a close comparison of intensities of C-K edges in pure
carbon parts of the tube and in BN-containing parts (Fig. 10). This particular micro-
structure is expected to result from the phase separation existing at equilibrium in
bulk systems between h-BN and graphite. Furthermore, N was found to be in
excess with respect to B, as a fingerprint of the fact that C—B bond is energetically
less favorable than C—N bond. Therefore, BN domains are expected to be surrounded
by a nitrogen shell to minimize C-B bonds [21]. This property of the bulk B-N-C
system explains why the BN-C segregation is not restricted to the tubes obtained by
the laser vaporization technique but has been also found in several (B—C-N)-MWNTs
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Fig. 10 (a) Bright-field image of nanotubes rope of 4-5 nm large. The rectangle shows the region
analyzed by EELS. (b) HADF image of the scanned area of 98 x” 24 nm? and the relative intensity
chemical maps of C, B, and N elements. The intensity of the signal varies from dark/blue (poor
signal) to white/red (high signal) colors. (¢) EEL spectra I and II are defined as the sum of the sum
of Areas I and II, respectively. Near edge-fine structures of B and N-K edges are shown in the
inset. (d) Background subtracted CK-edges of I and II areas. Reprinted from [21], with permission
from the American Chemical Society

synthesized by different techniques (for a review see Enouz et al. [63]). It has also
been observed in B-C—N SWNTs issued from a carbothermal treatment of C-SWNTs
by Golberg et al. [42]. Nevertheless, it seems to be not observed in B-C—-N tubes
synthesized by HF-CVD by Wang et al. [31]. In fact, these authors reported that in
all the (B—C-N)-SWNT bundles that they investigated, boron, carbon, and nitrogen
elements were homogeneously distributed within the nanotube shells. This is
observed in Fig. 11 where EFTEM images of (B—C—N)-SWNT bundles reported by
Wang et al. are displayed [31]. It should be, however, pointed out that conclusions
in this study are not based on spatially resolved EELS but on EFTEM. Therefore,
one cannot exclude the existence of segregation at a nanometer scale as that found
in the laser-made tubes [21]. This example enlights the difficulty of a faithful iden-
tification of heteroatomic tube structure.
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Fig. 11 (a) Zero-Loss image of bundles of (B-C-N)-SWNTs. Elemental maps of boron (b),
carbon (c), and nitrogen (d) obtained using EFTEM from the bundles displayed in (a). Reprinted
from Wang et al. [31], with permission from the American Chemical Society

3.3 Growth Mechanism of BN- and (B-C-N)-SWNTs

Even if for undoped C-NTs the way in which they are formed is not exactly known,
and their growth mechanism is still a subject of controversy (there are different
models to explain the formation of these C-NTs [7]), in comparison with those
C-SWNTs, relatively little is known about the growth of heteroatomics SWNTs.
The main factor limiting these studies is obviously the lack of samples.

Blase et al. studied the growth mechanism of CBx-SWNTSs via first-principles
static calculations and dynamical simulations [64]. These authors reported that zigzag
or near-zigzag nanotubes are preferentially grown upon boron incorporation. In fact,
they showed that the energy for boron staying at the growth edge of a zigzag nanotube
is lower than that at an armchair tube. They established that for the zigzag configuration,
boron atoms act as a surfactant during growth, preventing for tube closure.

For BN-SWNTs, Lee et al. [17] and more recently Arenal et al. [19] have proposed
a phenomenological model to explain their formation and growth. Arenal et al. [19]
combined the HRTEM, ED, and SR-EELS studies with the analysis of the synthesis
conditions and of the phase diagram to identify the fundamental factors determining
the nanotube growth mechanism [18, 19, 49, 59, 60]. These experiments strongly
support a root-growth model, which involves the presence of a droplet of boron.
This phenomenological model considers the solubility, solidification, and segregation
phenomena of the elements present in this boron droplet. In this model, sketched in
Fig. 12, the authors distinguish three different steps as a function of the temperature:
(1) formation of the liquid boron droplet from the decomposition of different boron
compounds existing in the hexagonal BN target, (2) reaction of these boron droplets
with nitrogen gas present in the vaporization chamber and recombination of these
elements to form BN, and (3) incorporation of the nitrogen atoms at the root of the
boron particle at active reacting sites that achieves the growth of the tube. Moreover,
the authors pointed out that the oxygen is a poison of the growth of BN-SWNTs as
it has been also confirmed by recent works developed by Dorval et al. [65]. Using
first-principles molecular dynamics simulations, Blase et al. [66] showed that armchair
BN-SWNTs can develop an ordered metastable edge, and thus may grow uncatalyzed.
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Fig. 12 Sketches showing the phenomenological model for the formation of the tubes. The model
is as follows: (i) formation of boron drops from the decomposition of h-BN and from the boron
oxide of the target; (ii) reaction of these drops of boron with the nitrogen injected into the reaction
chamber and with nitrogen coming from the h-BN target. Recombination of the boron and nitro-
gen to form boron nitride; (iii) incorporation of the nitrogen atoms at the root of the boron particle
that achieves the growth of the tube. This figure is modified from Fig. 8 in Arenal et al. [19]

On the contrary, zigzag BN-SWNTs rapidly evolve into an amorphous-like tip,
preventing further growth. These authors found that this difference originates in the
~1.6 eV average frustration energy associated with N-N or B—B bonds when
compared with B-N bonds. These results seems to be in agreement with the experi-
mental ones developed by Arenal et al., described earlier, where these authors
found that (1) BN-SWNTs produced by laser vaporization were mainly zigzag [49]
and (2) that a boron particle is involved in the synthesis of these NTs [19]. This B
particle plays a double role of growth support and reactant. Furthermore, from these
theoretical and experimental studies, we can deduce that this boron particle could
be the origin of the stabilization of zigzag BN-SWNTs.

Concerning (B—C-N)-SWNTs synthesized by the laser vaporization approach,
Enouz et al. have proposed a phenomenological model for their growth mechanism
already mentioned in the previous section [21]. They considered that the formation
of these patterned tubes is a direct consequence of the segregation phase existing at
equilibrium between graphite and h-BN. Their TEM observations support a growth
mediated by a liquid-like phase as in the V-L-S model invoked in the formation of
C-SWNTs. Furthermore, the sequence of BN domains alternating with long C
segments along the tube axis results from a phase separation at the solidification
front. The structure of these (B—C-N)-SWNTs appears to be governed by thermo-
dynamical properties of the C—B—N system, although its formation is due to particular
kinetic conditions.

4 Physical and Chemical Properties

4.1 Electronic Properties, Electronic Transport

The electronic properties of these heteroatomic NTs are widely discussed in the
chapter by Blase and Chacham. Here we present some of the most significant studies
done on these tubes to enlight the properties of these heteroatomic SWNTs and
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their potential applications. It is worth mentioning that, as we pointed out in other
sections of this chapter, to date, there are only very limited studies on the electronic
properties/transport of doped/heteroatomic SWNTSs. Thus, further studies are very
necessary in this field for improving their knowledge.

The substitution of carbon atoms in the hexagonal network of a C-NT by boron and
nitrogen modifies the density of states (DOS) of the carbon nanotube by introducing
additional electron states [67]. Whether these will be electron-donor states, electron-
acceptor states, or neither of these two, depends crucially on the local bonding
arrangements of the hetero atoms as shown for instance by Latil et al. [68]. These
authors performed tight-binding and ab-initio calculations on B and N-doped
C-NTs and reported that the mean free path of charge carriers decreases (increases)
linearly with dopant concentration (tube diameter) at low doping levels [68]. These
authors also show that the electron conduction could also be enhanced if for small
amount of dopants < 0.5%.

We would like to point out that from a theoretical point of view, most of the
studies carried out only consider graphite-like substitution of boron and nitrogen
atoms into the carbon in the honeycomb lattice of a C-SWNT [68]. Thus we consider
that further works considering other configurations, for instance pyridine-like or
pyrrole-like in the case of CN -SWNTs must be developed to investigate all these
systems, which are also found in experimental studies [23]. In this way, the studies
of Blase et al. are an exception to this assessment [69, 70]. In fact, these authors,
using tight-binding and ab-initio calculations, have demonstrated that pyridine-like
N structures in N-doped C-NTs are responsible for introducing donor states close
to the Fermi level (~ 0.2 eV) [69, 70].

For CNX-SWNTS, on the one hand, Villalpando et al. studied their transport
properties via electrical conductivity measurements [29]. They concluded that nitrogen
(at low concentrations) enhances the density of states at energies close to the conduc-
tion band edge. On the other hand, Krstic et al. have investigated the charge transport
properties of individual nitrogen doped C-SWNTs synthesized by arc discharge [71].
These authors have demonstrated that n-type conduction can be achieved by nitrogen
doping. They showed that between the two most probable atomic configurations of N
in C-NTs (graphite-like and pyridine-like) only CN -SWNTs with sufficiently high
concentration of graphite-like nitrogen bonding configuration can be n-type conductors.
Moreover, Krstic et al. also suggested that pyridine-type nitrogen bonding configuration
in the honeycomb lattice is the main contributor to the electricdipole scattering process
observed in the charge transport [71].

Superconductivity has been observed experimentally in C-SWNTs (individual or
forming bundles) and C-MWNTSs via low-temperature (below 15 K) transport measure-
ments [72-75]. Very recently, Murata et al. have reported the observation of the
Meissner effect at T, = 12 K in thin films of CB -SWNTs synthesized via laser vapori-
zation technique [76]. These authors pointed out that the Meissner effect was very
sensitive to the degree of uniformity of the thin film and that optimizing the control of
the deposition of the films higher 7 values (between 30 and 40 K) could be reached.

Concerning BN-NTs, as we mentioned earlier, Blase and Rubio et al. performed
first principles calculations demonstrating that these NTs are insulating and that
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this gap is nearly independent of tube diameter, chirality, and number of tube walls
[2-4]. More precisely, calculations of the band structure, done within the density
Functional Theory (DFT) in the GW quasiparticle approximation, predicts an indirect
gap equal to 5.95 eV and a direct one equal to 6.47 eV [4]. Experimentally, transport
measurements have been performed by Radosavljevic et al. on BN-SWNTs, which
could confirm the existence of a large band gap [77]. Nevertheless, to date, no faithful
experiment has been performed to get direct or indirect information on their
electronic structure as we shall see in the next sections. In particular, the large gap
and huge Stark effects have been shown to prevent one to measure the local density
of state and the gap by scanning tunneling spectroscopy [78, 79].

4.2 Optical Properties

Nanotubes are promising candidates for nanoscale light-emitters and many other
optical applications [7]. In the case of pure C-NTs, these applications are especially
focused in the infrared (IR) wavelength region having an interest for, for instance,
optical communication. In this wavelength region, C-NTs exhibit indeed a saturable
absorption effect. For doped N-SWNTs and B-SWNTs, we should mention the lack
of studies of their optical properties, even if these nanotubes are expected to be also
remarkable as Lim et al. pointed out [80]. These authors showed that CN -NTs can
be used in saturable optical absorber devices.

Optical absorption spectroscopy is a widely employed technique for the characteri-
zation of C-NTs. It provides indeed with the optical transitions occuring between van
Hove singularities of the valence and conduction bands in the density of states, which
closely depend on their metallic or semiconducting character and on their diameter [7].
For doped C-nanotubes, it is therefore a rapid and easy way to probe a doping effect
on their electronic structure. Borowiak et al. carried out optical absorption measure-
ments on B highly doped C-SWNTs [81] produced by substitutional process
from undoped C-SWNTs. Their results suggest that the substitution process leads to
preferential boron substitution of the semiconducting NTs. Furthermore, these authors
also found that the formation of a new acceptor band in the semiconducting NTs.

More recently, Li et al. [56] have reported optical measurements on CN -SWNTs
and on (B—C-N)-SWNTs. These authors have demonstrated that the incorporation
of B and N in the network of C-SWNTs have an influence in their emission properties
as well as in their structure (they observed modifications in the helicity and the
diameter distribution of the NTs, see also later the description of their Raman
results on these SWNTs [55]). In fact, the presence of nitrogen significantly affects
the emission properties of these nanotubes, causing a shift in the dominant emission
to lower energies. The authors consider that this shift could be due to changes in
the bundling structure of the nanotubes in solution since for individual NTs, they
observed very small changes.

For BN-NTs, their wide band gap implies to undertake optical measurements in
the UV range. Lauret et al. have performed the very first optical absorption experiments
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on partially purified films of BN-SWNTs and have shown the existence of elec-
tronic transitions between 4.4 and 6.2 eV [82]. These transitions not only confirmed
the existence of a large band gap in these structures but also were suggested to be
associated to excitonic effects. Although far from being understood from this
experiment, this result has stimulated an intense theoretical and experimental
research effort within the last three years.

From the theoretical point of view, as discussed in detail in the chapter by Blase
and Chacham and the chapter by Wirtz and Rubio, strong excitonic effects are expected
to occur in insulating structures such as BN. Very recent ab-initio calculations of the
dielectric function have been performed by solving a Bethe-Salpeter equation for
taking into account Coulomb electron—hole interactions. They have shown the
existence of excitons of large binding energy in both bulk h-BN and nanotubes
[83-87]. According to these calculations, the first mode of the imaginary part of the
dielectic function, which is the quantity measured in an optical absorption experiment,
corresponds to a Frenkel exciton in both materials with a binding energy equal to
0.72 eV for h-BN and to 2 eV for a (8,0) BN-SWNT [83-87]. As a result, localized
excitons (Frenkel type) are predicted to occur in h-BN at energies equal to 5.78,
5.82, and 5.85 eV. Both the existence of these excitonic emissions and their energies
have been very recently confirmed by photoluminescence and cathodoluminescence
experiments in h-BN [88, 89]. Same luminescence behavior has also been found to
occur in large (with a diameter ranging from 20 to 50 nm) BN-MWNTs [89, 90].
Unfortunately, due to instrumental difficulties, such measurements could not be
performed yet on BN-SWNTs.

The unique optical experiment done, to date, on individual and isolated
BN-SWNTs is the study of their dielectric response in EELS. As we mentioned
earlier, the study of the EELS low-loss region provides direct access to the dielectric
properties of a material as it corresponds to the excitation of electronic states close
to the Fermi level of the material. The physical phenomenon of EELS in this energy
region involves excitations of valence electrons (collective plasma oscillations and/
or interband transitions), which defines the structure of band gap for the case of
semiconductors or insulating materials. Recently, Arenal et al. [91, 92] studied the
electronic structure of isolated and bundles of BN-SWNTs (synthesized via laser
vaporization technique [18, 19]) using such approach. The experiments were
performed on a STEM dedicated EELS microscope displaying simultaneously a
high spatial and a good spectral resolutions. The spectra were recorded employing
SPLI acquisition mode [58]: 40-60 spectra were acquired for each probe position
following a line across the tube. To disentangle the inelastic signal at low energy
from the tail of the ZLP, a deconvolution procedure was applied in combination
with a subtraction operation of the zero loss peak (ZLP) [93]. All these results were
interpreted using the classical continuum dielectric theory [94]. This model is based in
a strong hypothesis: locally the dielectric properties of a nanoobject can be described
by the macroscopic dielectric tensor of the related anisotropic bulk material (h-BN
in the case of BN-NTs). Figure 13a shows a bright field image of a BN-SWNT, and
Fig. 13b displays an EEL spectrum recorded on this tube. This spectrum displays
two groups of modes, a first one in the 69 eV range and a second one centered at
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Fig. 13 (a) Bright field image of a BN-SWNT. (b) Experimental EEL deconvoluted spectrum for
the BN-SWNT of (a). (c) Imaginary part of the dielectric constant (in the plane component) of h-BN
extracted from the bulk loss spectrum (d). Low-loss spectra recorded by Arenal et al. [18, 91]

16 eV. Figure 13c shows the imaginary part of the dielectric constant of h-BN for
an orientation where the momentum transfer is perpendicular to the c-axis (Im(g ())).
This was obtained after a Kramers—Kronig analysis of an EEL spectrum acquired in
a highly purity thin foil of h-BN, Fig. 13d, and it is in agreement with the experimental
dielectric constants published in [95, 96]. The high similarity between the spectra
corresponding to the NTs and this curve indicates that the different modes of the
NT’s spectra can mainly be attributed to the Im(g (®)) contribution. Figure 14 dis-
plays a series of deconvoluted spectra recorded scanning the probe from the vacuum
to a BN-SWNT. Such spectra contain the signature of surface modes excited in a
near-field geometry where the electron beam is focused at an aloof geometry of the
NT and does not intersect with it. In this geometry and for a SWNT, it has been
shown [97, 98] that the energy loss suffered by the incident electron is proportional
to the imaginary part of the polarisability and can be written as a function of Im

€ () —ﬁ where € (@) and 8H(a)) are the in-plane and out-of-plane compo-
I

nents of the dielectric tensor of a planar h-BN sheet, respectively. As the onset of
the spectrum mainly reflects the contribution of Im (& (®)), the value of the optical
gap of BN-NTs can be deduced, as shown in Fig. 14b. This value is found to be
equal to 5.8 £ 0.2 eV for BN-SWNTs with different diameters ranging from 1.5 to
3 nm as well as for BN-MWNTSs containing between 2 and 4 layers present together
with BN-SWNTs in the samples [91, 92].

The interpretation of this result is not straightforward. According to the recent
theoretical calculations and luminescence experiments, optical excitations are dominated
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Fig. 14 (a) Spectrum-line of a BN-SWNT. (b) Measurement of the optical gap of a BN-NT from
one of the spectra extracted of (a). Low-loss spectra recorded by Arenal et al. [18, 91]

by excitonic recombinations in BN structures and the optical gap deduced from EELS
spectra is related to these excitonic effects. Its value is obviously found to be very close
to that found in h-BN and apparently does not reflect confinement effects expected in
SWNT with respect to the bulk material. Furthermore, the binding energy of the exci-
tons should depend on the radii and number of walls in a tube. It could be anticipated
that the optical band gap should vary with respect of these quantities, which is not the
case in low-loss EELS experiments. The reason behind this apparent discrepancy is
that the enhanced Coulomb interaction between the electrons and the holes responsible
for the large binding energy is also responsible for the increasing of the electron—
electron correlation, which thus increases the value of the quasiparticle energy gap.
These two effects compensate each other (the quasiparticle energy gap increases
roughly in the same amount when the size of the object diminishes as the negative
exciton binding energy), leading to an experimental value of the optical gap that
remains roughly constant whatever the geometry of the tubes, and almost equal to that
of the bulk h-BN. Luminescence experiments on individual SWNTs would be very
necessary to study in detail their excitonic response.

All these results show that BN-NTs are wide band gap semiconductors with
optical transitions in the UV range above 5.5 eV, which makes them a very promis-
ing material in optic applications as blue light and UV emitters.

4.3 Vibrational Properties

In the case of NTs, the study of lattice dynamics via Raman spectroscopy is widely
employed, because it is a quick and nondestructive tool and because structural and
electronic properties can be also probed [99, 100]. In fact, Raman spectroscopy on
C-NTs is carried out under resonant conditions (the excitation wavelength must
correspond to electronic transition of the investigated NTs that leads to resonance
enhancement in the corresponding Raman cross section [101]). These conditions depend
on the metallic semiconducting character of the tubes and on their diameter [99, 100].
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Recently, several groups have investigated the lattice dynamics of B—C and C-N
nanotubes. Although interpretation of these data is not straightforward and suffer
from a lack of theoretical calculations, results indicate that tangential modes are
sensitive to a substitutional doping. McGuire et al. recorded Raman spectra on
CB -SWNTs, see Fig. 15, synthesized by laser ablation from targets containing
boron concentrations ranging from 0.5 to 10% [102]. These authors found different
effects in the Raman spectra due to the boron doping: (1) an increasing of the intensity
of the D band upon increasing of boron dopant concentration. The D peak is an A
breathing mode of a sixfold aromatic ring, which is activated by disorder [101].
This observation is consistent with TEM observations where doped tubes are generally
found to display corrugated layers. (2) A systematic downshift in the G’-band (this
G’-band corresponds to a second order Raman feature and is composed by 2D-band
phonons) frequency is observed whereas no change is observed for both the RBM
(this mode is unique to SWNTs and corresponds to a mode where all the atoms
constituting the NT vibrate in phase in the radial direction mode) modes and
G-band (this band corresponds to a bond-stretching vibration of a pair of sp? sites).
This redshift is attributed to the weakness of C—B bond compared with C—C bond.
(3) A nonlinear variation in the RBM and G’-band intensities is attributed to shifts
in resonance conditions in the doped tubes.

Borowiak et al. measured vibrational properties of B doped C-SWNTs by IR
absorption spectroscopy [20]. As shown in Fig. 16, they observed three different
bands at 807 cm™!, a broad shoulder at 1,050 cm™, and a stronger peak at 1,385 cm™.
The broad mode at 1,050 cm™ corresponds to typical boron carbide related phonons.
The two other modes are shifted to lower energy with respect to the corresponding
peaks in their carbon analogs, the redshift being again attributed to the weakness of
B-C bonds.

Raman results obtained by Villalpando-Paez et al. on N-doped C-SWNTs produced
by an aerosol-assisted CVD method [29] are qualitatively similar to B doped
C-SWNTs. These authors found that upon increasing the N content, the growth of
large diameter tubes is inhibited. Furthermore, from the intensity ratio of D and G
peaks, they also concluded that the amount of point defects present in the sample
increases approximately linearly as a function of nitrogen precursor concentration.
Raman spectroscopy measurements carried out by Wiltshire et al. on CN -SWNTs
and (B—C-N)-SWNTs seems to indicate that boron mediates the growth of smaller-
diameter zigzag or near-zigzag nanotubes [55].

A complete section of the chapter by Wirtz and Rubio is devoted to the compilation
of the theoretical description of the lattice dynamics of BN-NTs. Here, we will
briefly present the main results of these calculations and discuss the only few works
developed in this field. The phonon frequencies of BN-NTs were calculated by
Sanchez-Portal and Hernandez [103] using tight-binding calculations and Wirtz et al.
[104] by first principles calculations. Both groups found good agreement between a
zone-folding approximation (within zone folding the G point vibrations of a nanotube
originate from non-G point vibrations of h-BN) and a full calculation for several BN
nanotubes; similar conclusions were drawn from a valence shell model from the
calulations done by Popov [105]. Thus to model and understand the properties of BN
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Fig. 15 (a, ¢) First-order and (b, d) second-order room temperature Raman spectra of products
generated from targets with indicated boron concentrations. All Raman spectra were excited using
the 514.5 nm (a, b) and 647.1 nm (c, d) excitation energies. Each spectrum in the figure was nor-
malized to the tangential G* band intensity. Reprinted from [102], with permission from Carbon
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Fig. 16 Infrared spectrum recorded on B-doped carbon nanotubes sample. Reprinted from [20],
with permission from Chemical Physics Letters

nanotubes, a better knowledge of the phonon dispersion of hexagonal BN is highly
desirable. In this sense, very recently, Serrano et al. compared the results of the phonon
dispersion relation of bulk h-BN, measured by inelastic X-ray scattering and obtained
from ab-initio calculations [106]. These studies showed an excellent agreement
between the experimental data and the calculations.

Experimentally, lattice dynamics of BNs are mainly investigated by IR spectros-
copy, since it is very sensitive to the polar BN bonds [107]. However, this technique
has limitations. The substrate supporting the sample has to be either transparent or
not highly reflective. Raman spectroscopy is rarely used for BN because of its
lower sensitivity, as shown by Reich et al. [108]. Arenal et al. have demonstrated
that, as for C-SWNT, no Raman signal can be detected for BN-SWNTs if excitation
conditions are far from resonance with respect to electronic transitions [109].
Knowing that the electronic gap is about 6 eV, this requires to perform Raman
spectroscopy in the UV range with excitation wavelengths as close as possible as
200 nm. Arenal et al. succeeded in performing micro UV-Raman measurements at
excitation wavelength equal to 229 nm (5.41 eV) on BN-SWNTs [109]. It is worth
mentioning that low frequencies radial breathing modes of BN-NTs, which are the
only unique and reliable signature of SWNTSs, cannot be detected in these UV
Raman measurements because the notch filters employed in these spectrometers
have a cut off frequency of 500 cm™'. The Raman spectra, shown in Fig. 17, have
been recorded on specific areas well characterized by TEM and marked on the grid
prior to the Raman measurements. Figure 17 displays the UV Raman spectra measured
at the same power, on two different areas of the TEM grid (Fig. 17a, b), respectively),
and on a h-BN reference sample (Fig. 17¢). Inset of Fig. 17 displays TEM micrographs
in two different areas: the first one (Fig. 17a) contains a high density of SWNTs,
whereas the second one (Fig. 17b) is a platelet of h-BN of micrometer size, expelled
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Fig. 17 Raman spectra excited at 229 nm on (a) a BN-NTs rich area in a standard TEM carbon
grid, (b) a particle of h-BN on the same grid [see insets] and (c) highly crystalline powder h-BN.
This figure is modified from Fig. 3 in Arenal et al. [109]

from the target during the laser vaporization synthesis. Only one peak at around
1,365 cm™ is visible in all the UV-Raman spectra. For h-BN, this mode is the Ezg
mode at 1,365 cm™. The recorded spectrum on the NTs area (Fig. 17a) also displays
a peak in this frequency range, but the band differs from h-BN in two ways as
emphasized in the inset of Fig. 17. First, the peak is shifted to higher frequencies
by 5 cm™, second, it is broadened. This behavior is intrinsic of the NTs-containing
areas. The peak at 1,370 cm™ corresponds to the A tangential mode of the NTs.
According to ab-initio calculations (see the chapter by Wirtz and Rubio), the
increase in phonon frequency compared with that of bulk hexagonal BN is attributed
to a hardening of the sp? bonds in the BN tubes, the difference being due to the
inter-plane interaction in h-BN. Finally, these experiments attested that Raman scat-
tering in the UV at 229 nm excitation provides preresonant conditions, confirming
that the electronic gap of BN-SWNTs is larger than 5.5 eV.

4.4 Mechanical Properties

It is now well established that carbon undoped nanotubes are unique nanostructures
with remarkable mechanical properties. Single-walled C-NTs are very strong and
resist to fracture under extension, having high elastic moduli [7]. Another advantage
of nanotubes is their behavior under compression. Unlike carbon fibers, which are
brittle under compression, C-NTs form kink-like ridges that can elastically relax
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when the stress is released. Thus, it is very interesting to prove these potential and
very attractive properties. However, as far as we know there is none experimental
study on these properties in heteroatomic SWNTs.

Theoretically, Hernandez et al. [110] calculated, using a tight-binding model, the
Young modulus of C and BN-NTs. These authors found that the Young modulus of
BN-NTs is lower than that of the C-NTs and that its value depends on the NTs’ diameter.
In the case of BN-NTs, this value varies between 0.837 and 0.912 TPa, which was
about 0.8 times that of C-NTs, for diameters ranging from 0.81 to 2.08 nm.

Nanotube axial stiffness, bending, and torsion dynamics of C- and BN-SWNTSs have
been studied by Vaccarini et al. [111]. They found that chiral tubes exhibit an interesting
asymmetric torsional behavior with respect to left and right twist that is absent in
armchair or zigzag tubes. Moreover, topological defects have been seen to modify
slightly the mechanical response of the carbon network under an applied strain.

Dumitrica et al. [112], using a molecular dynamics model and ab-initio calculations
in the DFT approximation, studied the dislocations that can be formed in BN-NTs
under high tensions. In the same way, they noticed that BN-NTs possess a thermo-
dynamic yield limit (critical strain and critical tension) higher than that of C-NTs.
It confirms the results of their previous works [113], where Bettinger et al. had shown
that BN-NTs have greater yield resistance than C-NTs.

Such exceptional mechanical properties of NTs are desirable for applications as
for manipulating other nanoscale structures.

4.5 Electro-Mechanical Properties

The existence of piezoelectricity in BN-NTs was predicted by Kral and Mele. This
property is due to the polar nature of the B-N chemical bond and the geometric phase
involving quantum confinement effect [114, 115]. The work by Nakhmanson et al.
[116] confirmed these results via ab-initio calculations. Nakhmanson et al. showed
that BN-NTs are excellent nonpolar piezoelectrics exhibiting higher strain response
than polar polymers. Moreover, they showed that ideal noninteracting nanotubes are
effectively nonpolar because of their intrinsic chiral symmetry, which leads to a total
cancellation between the ionic and electronic polarizations. Breaking of this symmetry,
as the case of interacting nanotubes in a bundle or by the effect of elastic distortions
in a NT, induces spontaneous polarization fields that are comparable to those of wurtzite
semiconductors (as zinc oxide (w-ZnO)). Thus BN-NTs have a great potential to be
unique electromechanical components in micro and nanosystems.

4.6 Chemical Reactivity

Compared with a graphene sheet, the chemical reactivity of a C-NT is enhanced as
a direct result of the curvature of the C-NT surface. Carbon nanotube reactivity is
directly related to the t-orbital mismatch caused by an increased curvature. Therefore,
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a distinction must be made between the sidewall and the end caps of a nanotube.
For the same reason, a smaller nanotube diameter results in increased reactivity.
Covalent chemical modification of either sidewalls or end caps has shown to be
possible. In this way, due to the presence of the heteroatoms in the hexagonal
network of doped C-SWNTs, these NTs are expected to be more reactive than
the undoped counterparts. Thus, doped C-SWNTs are very good candidates for
funtionalization and the formation of polymer composites.

Using first principles calculations, Baierle et al. have investigated the electronic
and structural properties of CO and NO molecules adsorbed on BN-NTs and
carbon-doped BN-NTs [117]. Their results indicated that for nondefective nanotubes,
small binding energies (around 150 meV) are obtained. When a carbon substitution
impurity is present in the BN-NT, the binding energies were substantially increased
and a chemical adsorption was observed. From the calculated band structures,
Baierle et al. showed that the defect electronic levels inside the band gap were
sensitive to the presence of the adsorbed molecules. The authors pointed out
that this increasing of the functionalization capacity of the tubes due to carbon
doping is an important mechanism to open up new possibilities for nanodevices
applications [117].

Functionalization of BN nanotubes has been theoretically investigated [118] but
it is only recently that a few chemical methods have been reported for MW BN
nanotubes solubilization [119-121]. These functionalization methods are based on
Lewis acid/base interaction between the functionalizing molecule and the nanotubes.
Very recent experiments done by Maguer et al. have shown that they do not apply
to BN-SWNTs, produced by the laser vaporization technique, because the acid/base
interaction is not strong enough [122]. However, these authors have developed a
versatile process, based on the strong affinity of nitrogen atoms of quinuclidine
molecules for boron atoms of the nanotube network, which is able to solubilize both
multi and SWNTs in different media.

4.7 Hydrogen Storage

Nanostructural materials, and particularly the nanotubes, are good candidates for
hydrogen storage because of their cylindrical and hollow geometry and their
nanometerscale diameters, having therefore large specific surfaces and a highly
porous structure. These characteristics allow the storage of a liquid or of a gas in
the inner cores through a capillary effect. Works developed on C-SWNTs showed
that probably the semiconductor NTs are better for hydrogen adsorption. Considering
the difficulties to develop the NTs sorting between semiconductors and metallic
CNTs, the use of BN-NTs (all being insulators showing a large chemical and thermal
stability) appears very promising. Experimentally, there are only recent promising
works developed on hydrogen adsorption by BN-MWNTs synthesized by CVD by
Ma et al. [123]. Jhi et al. [124] showed, using ab-initio calculations, that the binding
energies of hydrogen on BN-NTs are 40% higher than CNTSs, because of the polarity
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of the B-N bond. This therefore suggests that BN-NTs could adsorb higher amount
of hydrogen than C-NTs. More recently, Wu et al. [125] studied, via ab-initio
calculations (under DFT approximation), the influence of a radial distortion of
zigzag BN-NTs on the chemical adsorption of hydrogen. They observed that if this
distortion is weak, H prefers to adsorb on the boron atom, which creates an acceptor
state in the gap; nevertheless, if the deformation is large enough, H preferentially
interacts with the nitrogen atom in the high curvature region of the radially
deformed BN-NT and creates a donor state.

More recently, Zhou et al. have studied the atomic and molecular adsorption of
hydrogen on B and N doped C-SWNTs by DFT calculations [126]. The authors
found that the B-doping increases the hydrogen atomic adsorption energies both in
zigzag and armchair nanotubes. However, the N-doping decreases the hydrogen
atomic adsorption energies. In case of hydrogen molecular adsorption, both B and
N-doping decrease the adsorption energies in SWNTs.

Zhang et al. have studied in detail the mechanisms for hydrogen dissociative
adsorption and diffusion on N-doped (8, 0) C-NTs by carrying out DFT calculations
[127]. These authors found that nitrogen doping considerably alters the catalytic
effects of the carbon nanotube for hydrogen dissociative adsorption. This adsorption
of hydrogen on the carbon nanotube is greatly enhanced, with the barrier substantially
reduced to ~0.9 eV. The differences in the barrier heights are explained by changes
in the tube electronic structure.

Lietal. investigated hydrogen-decorated structures of C-doped (9, 0) BN-SWNTs
using also DFT calculations [128]. They found that the doping effect of C-doped
BN-NTs can be compensated by adsorption of H atom on the C sites. The adsorp-
tion energies for hydrogen atoms on different adsorption sites on BN-NTs and
C-doped BN-NTs indicate that the most favorable configuration of the adsorption
structures is a hydrogen atom adsorbed on the C site.

5 Summary and Conclusions

In this chapter, we have discussed the synthesis, atomic, and composition structures
of heteroatomic (B-, N- and BN-doped carbon, and BN) SWNTs, as well as their
physical and chemical properties. Almost incomplete, the present knowledge that
we have from these different tubes, attests their interest for a wide range of properties
and applications. In fact, these nanotubes are complementary, even more adequate
for some potential applications, to their carbon counterparts. For instance, BN-NTs
have a high potential for the applications in optics in the UV range, novel nanoscale
sensors, actuators, and advanced nano-electro-mechanical systems (NEMS) with
integrated electronic/optoelectronic functions as well as high-power, high-frequency,
and high-temperature applications (generators, amplifiers, etc.). In the case of
doped (BXC, CNX, and B—-C-N) SWNTs, their interest stems from the fact that they
represent an efficient method for tuning the electronic properties offering very
attractive possibilities in the field of nanoelectronics. Furthermore, these kinds of
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NTs possess very significant mechanical properties, which can be combined with
their optoelectronic properties, making them very promising structures for micro/
nano-electro-mechanical system (M/NEMS) applications as actuators, sensors, etc.

Finally, the presence of heteroatoms in the carbon hexagonal network enhances
the surface reactivity, which can be an advantage for gas sensors applications.

To summarize, the state-of-the-art regarding the research on a laboratory scale,
synthesis of B-C—N heteroatomic SWNTSs, most tubes, including BN, both N- and
B-doped C-SWNT have been produced only with high temperature physical methods.
As we mentioned in Sect. 2, the key aspect that must be considered in this research
field will be improving the production techniques of these SWNTs, including
increased production efficiency, higher purity, and the development of new techniques.
Thus, it is clear that the understanding of NTs formation and growth is necessary
to improve their synthesis in both quality and quantity. This progress is crucial to
better know and measure their properties and forecast their applications.
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Electronic Properties of Boron-Nitride and
Boron Carbonitride Nanotubes and Related
Heterojunctions

Xavier Blase and Helio Chacham

Abstract We review in the present chapter the electronic and optical properties of
hexagonal boron-nitride and hexagonal composite boron carbonitride planar and
nanotubular structures. We focus mainly on theoretical aspects, but illustrate in all
situations the link with existing experimental findings. In a first part, the insulating
nature, and the band gap stability, of boron-nitride nanotubes are shown to be
related to the ionicity character of the boron-nitrogen bond. Specific emphasis is
given to the optical properties and the related excitonic effects. In a second part,
the evolution of the stability and band gap of boron carbonitride systems as a
function of the degree of segregation in pure carbon or boron-nitride domains is
illustrated and their potential in terms of rectifying hetero-junctions, quantum dots,
or visible-light optoelectronics devices is emphasized.

1 Boron-Nitride Nanotubes

On the basis of the structural similarities between the graphite and the hexagonal
form of boron-nitride (2-BN), the idea that boron-nitride nanotubes (BNTSs) could
be synthesized was suggested theoretically as early as 1994 [1, 2]. Using accurate
ab-initio calculations [1], it was demonstrated in particular that the elastic energy
of folding an isolated BN sheet onto a nanotube was equivalent, and even smaller, than
folding a graphene sheet onto a tube of the same radius (Fig. 1). These predictions, even
though certainly not providing the experimental pathways to synthesis, were strong
indications that such novel forms of tubes could be synthesized.

Together with these preliminary studies on structural stability, the electronic prop-
erties of BNTs were predicted at the theoretical level [1, 2]. It was shown in particu-
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Fig. 1 Total energy of nanotubes in eV/atom as a function of tube diameter. The black (opened)
circles represent the BN (C) nanotube energies above the energy of an isolated BN (graphene)
sheet. The solid and dashed lines are 1/R* fits as a guide to the eyes (Adapted from [1])

lar that, due to the ionic character of the BN bond, boron-nitride tubes were insulating
systems with a band gap largely independent of the radius and helicity, in great con-
trast with the carbon case. The difficulties in performing experimental measurements
of the electronic properties of nano-sized objects, either through STM or optical
experiments, certainly explains that it took several years for achieving an experimen-
tal verification of these predictions. This is reminiscent of the carbon nanotubes case
for which the first STS measurements of the density of states of diameter-selected
tubes [3, 4] came in 1998, that is, 6 years after the first theoretical predictions of the
now well-known radius and chirality dependence of CNTs band gap [5-7].

Rapidly following these theoretical predictions, pure BNTs were synthesized in
1995-1996, 4 years after the synthesis of their carbon analogues, using at first
high-temperature experiments such as arc-discharge [8—10] or laser ablation [11]
techniques. Since then, numerous groups have performed the synthesis of single-wall
(SW) or multiwall (MW) BN nanotubes on the basis of a variety of high and low-
temperature techniques, and large amounts of samples are now routinely available.

As a matter of fact, before the synthesis of pure BNTs, and in an attempt to synthe-
size boron and nitrogen-doped CNTs, the so-called composite BCN tubes, mixing in
various percentage boron, carbon, and nitrogen atoms, were synthesized and charac-
terized as early as 1994 [12]. Using electron energy loss spectroscopy analysis, it
was shown in particular that while the B to N ratio was always close to one, the BCN
tubes were composed either of single-phase C B N _sections or well separated nano-
domains of BN in the carbon network. This ability of composite BCN tubes to form
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either segregated carbon and BN domains, or homogeneous BCN structures, is the
main issue in discussing the electronic properties of such systems, which are affili-
ated both to metallic, or small gap, CNTs and insulating BN tubes.

We present here an extensive review of the work devoted to BN and composite
BCN tubes since their first synthesis. Although most experimental aspects of the
physics of BN and BCN tubes have been reviewed in a previous book [13] or recent
online articles [14, 15], a large emphasis on theoretical aspects is provided in the
present pages.

1.1 Structure and Stability

The most studied crystallographic structure of hexagonal boron-nitride (h#-BN)
belongs to the D, point group with an ABAB stacking type. In such a structure,
and in contrast with graphite, where one carbon atom out of two is located at the
vertical of a hexagon center, B(N) atoms are located at the vertical of neighboring
layers N(B) atoms. Such a stacking geometry may be tentatively assigned to the
strong ionic character of the B-N bond. Other hexagonal stacking geometry have
been proposed [16] and shown, on the basis of ab-initio calculations, to be very
close in energy, or as stable, as the above-mentioned structure. The existence of
several stacking allotrops may explain some of the inconsistencies between theory
and experiment as far as electronic properties are discussed (see later and [16]).
The B-N bg)nd length is larger than the C—-C one in graphite (a,, ~ 1.45 A instead
of Ao~ 142 A). The crystal structure, lattice vectors, and reciprocal lattice vectors
for a single #-BN or graphene sheet are summarized in Fig. 2. The unit cell contains
two atoms (one boron and one nitrogen in the case of 4-BN). The lattice vectors

y
|_,2 b,

Fig. 2 (a) Isolated 4-BN sheet lattice structure. The two nonequivalent atoms in the unit cell are
represented in black and white, respectively, together with the in-plane lattice vectors (a,, a,). The
C,, vector represented here is the chiral vector for a (4, —1) BN tube. (b) The reciprocal space
Brillouin zone and lattice vectors (b,, b,) for the 2D isolated sheet. (¢) The irreducible Brillouin
zone for the stacked 3D material
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(a,, a,) have been chosen here to form an angle of 60° so that the reciprocal lattice
vectors (b,, b,) form an angle of 120°.

Relying on the structural similarity between graphite and 4-BN, the existence of
BN nanotubes was first postulated [1, 2] at the theoretical level in 1994, that is, a
few months before the actual synthesis. On the basis of ab-initio calculations [1], it
was shown in particular that the folding of an isolated #-BN sheet onto a nanotubular
shape was slightly more favorable than the folding of a graphene sheet onto a cylinder
of the same radius. Namely, the elastic energy associated with bending a sheet onto
a tube was reduced in the case of #-BN. An interesting property of 4-BN tubes is
that N atoms are located closer to the tube axis (inward relaxation) so as to come
closer to the center of the triangle formed by its three boron nearest neighbors. This
so-called “buckling” effect was first noticed by Blase and coworkers [1] and then
studied in details by Wirtz et al. [17], who showed that this buckling energy scales
as 1/R (R, the tube radius) (Fig. 3).

The argument of elastic folding energy was subsequently used in particular in
the case of “multilayered” sheets, such as WS,, MoS, planar compounds (formed
of a metal sheet sandwiched in between two sulfur sheets) [18-22] or GaSe [23]
and B,O or BeB, [24] systems, to predict the average radius of the resulting tubes.
Further, as indicated in Fig. 1, even in the limit of very small diameters, the energy
of dangling bonds associated with “opened” BN strips is so large that it is energetically
more favorable to preserve the cylindrical tube geometry, despite the increasing
curvature energy upon decreasing radius.

As in the carbon case, BN nanotubes can be labeled with two indices (n, m) that
define uniquely the so-called chiral vector C, = na + ma,, which is perpendicular to the
tube axis direction and defines the tube folding direction. The tube diameter dv chiral
angle T, translational vector T, and number N, of atoms per unit cell are summarized
in Table 1.

0.2 T T T T T

buckling distance &)
o 2
i wn

e
=
3

tube diameter (A)

Fig. 3 Buckling distance in BN nanotubes as a function of diameter (Reprinted with permission
from [17], Copyright by the American Physical Society)
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Table 1 Summary of the properties of BN nanotubes as a function of the chiral indices (n, m)

Symbol Name Formula Value
A Lattice constant a=-Dam agn=1454
(a,a) Basis vectors (X, y) cartesian
v BRERN
2 2
(b, b,) Reciprocal lattice vectors { 1 1} o (X, y) cartesian
7’i —_—
NE) a
C, Chiral vector C, = na, + ma, = (n,m) 0<|m|<n)
d, Tube diameter ‘ C ‘ u
dr =122 = Zn® + nm+m?
T 7
] Chiral angle m\3 0<lolsn /6
sin(f) = ————
2\n* +nm+m’
2n+
COS(@) = #
2/n* +nm+m’
T Translational vector T=rta +t,a,=(,1,) ged(t),t,) =1
; _2m+n ; __2n+m Ny =ged 2m+n,2n+m)
] NR T NR
N, Number of atoms in unit No- 4(n’* +nm+m®)
cell c N

R

ged stands for “greatest common divisor.”Adapted from [25], Copyright@ American Physical
Society.

1.2 Electronic Properties

Despite a rather large number of experimental studies [26], the nature (direct or not)
and magnitude of the band gap remains difficult to assess experimentally. This is
certainly due to the difficulty in obtaining high purity samples and to the large value
of the band gap. In such situations, accurate theoretical studies may help in inter-
preting and discussing the properties of this material and its related forms, namely
BN nanotubes.

1.2.1 A Large Ionicity Band Gap Insulator
with Stable Electronic Properties

The most important difference between 4-BN and graphite is the strong ionic char-
acter of the B-N bond related to the largest electronic affinity of nitrogen when
compared with that of boron. A Bader analysis [27, 28] of the charge density
reveals a charge transfer of ~2.2 valence electrons from boron to nitrogen. Although
the graphene sheet is semimetallic [25], the ionic character of 4-BN results in a
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large band gap opening. The formation of this “ionic band gap” can be simply
understood from the standard n—n* tight-binding model widely used for the graph-
ene sheet. In such a model, valid around the Fermi level, we consider only one D,
orbital per atom (z-direction perpendicular to the sheet) with an E, , onsite energy
for the A(B) atoms in the unit cell and an overlap energy between first nearest
neighbors orbitals labeled y (~—2.9 eV). With such a basis, the electronic eigen-
states are linear combination of the two possible Bloch basis states, namely:

ik.R

. 1
o, ()= cApkA(r)+chkB(r),w1th pkA/B = er p.(r—7,s —R),
R

where 7, , are the positions of the A/B atoms in the unit cell and R is the lattice vectors.
In such a basis, the secular equation leads to the following energy dispersion

E(k)=%y+(Al4y) +a(k)* ,with: A=E, —E, and

k k
a(k)= 7\/1 + 4cos[k*'az\/§]cos (VTa] +4cos? [%) .

It can be shown that (k) cancels for k = K = (2a, + a,)/3. In the case of graphene,
the A and B atoms are both carbon atoms so that £, = E, and A = 0. This explains
the semimetallic character of the graphene sheet with a band gap closing at the
Brillouin zone corners. However, in the case of 4-BN, since the A and B atoms are
no longer equivalent, A is nonzero and at k = K, the band gap does not close and
takes a value of £, (k = K) = 2A. This band gap is independent of the o(k) factor,
which depends on the crystallographic structure and hopping strength %, so that
the band gap of BN compounds can be expected to be first-order independent of the
details of the atomic structure. This explains the so-called “stability”” of the band
gap in 2-BN nanotubes, which indeed hardly depends on curvature and helicity [1],
except in the limit of very small diameters.

1.2.2 Quasiparticle Band Structure of #-BN and Related Nanotubes

The simple n—nt* model is not as useful in the case of 4A-BN as it is for graphene.
Indeed, the large band gap opening between bonding m and antibonding ©* states
is such that the clear decoupling of energy between nt and n* and 6—c* excitation
energies in graphite is not verified in the case of #-BN. As such, full calculations
including all valence electrons are needed to provide a reliable description of the
electronic properties of 4~-BN. A more accurate tight-binding parametrization along
that line has been worked out by Robertson [29]. However, since experimental
results yield very scattered results, for example, with band gaps ranging from 3.2
to 5.97 eV, the parametrization of the one-site and hopping terms turns out to be a
difficult problem and parameter-free first-principles approaches are desirable.
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Ab-initio calculations of the band structure of 4-BN within the density functional
theory (DFT) [16, 30-32] or Hartree-Fock (HF) [33] came as early as the mid-eighties.
However, the well-known large underestimation (overestimation) of the band gap
values of insulators within DFT (HF) does not allow to fully rationalize the electronic
properties of h-BN systems. Fortunately, more accurate many-body techniques,
such as the quasiparticle GW approach [34], have been used to predict a much better
accuracy of the band structure of #-BN bulk and nanotubes [1, 35-39]. In the case
of bulk #-BN, the most recent GW calculations [37] predict an indirect band gap of
5.95 eV between the top of the valence bands at the T, point (close to K along I'K)
and the conduction band minimum at M. Such a value is 1.93 eV larger than the
corresponding DFT value (4.02 eV). The smallest direct band gap is located at
the H point and takes a value of 6.47 eV. Such values are consistent with an earlier
GW calculations [36] with an indirect and direct band gap of 6.04 and 6.66 eV,
respectively. Similarly, the earliest GW calculations on A-BN [35], based on an
extrapolation of the self-energy correction calculated at a few high-symmetry
points, confirmed the indirect nature of the band gap between T, and M, but with
a smaller 5.4 eV value. We compare in Fig. 4 the latest DFT and GW band A-BN
structures for bulk 4-BN.

Similar GW calculations have been performed on isolated #-BN sheet [1, 35, 36,
38, 39] and small diameter SW BN nanotubes [38, 39], with even larger differences
between DFT and GW calculations. In the case of the BN (8, 0) tube, the GW
quasiparticle correction to the DFT value was found to be as large as 3.25 eV, yielding
a direct GW quasiparticle band gap at zone-center of ~6.5 eV.

g

pn

i

HE

Energy relative to VBM (eV)

HM L

Fig. 4 Quasiparticle band structure for bulk #-BN. The solid lines are the result of DFT-LDA
calculations. Open circles represent the GW calculations. The two band structures have been
aligned at the valence bands maximum (T, point near K along the I'-K direction). The vertical
arrows indicate optical transitions contributing to the main optical absorption spectrum features
(Reprinted with permission from [37], Copyright by the American Physical Society)
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1.2.3 The Interlayer State

An interesting property of 2-BN and BNTs is related to the electronic state control-
ling the bottom of the conduction bands at I". This state has been studied by several
group on the basis of first-principles approaches [30, 35, 40], an interest that stems
from its potential role in n-type doped ~-BN systems and, in particular, its interplay
with intercalants as shown recently in the case of the analogous interlayer state in
graphite [41].

Because of the large band gap of #-BN compounds, the states at the bottom of the
conduction bands are located close, or above, the vacuum level. As such, their energy
is dominated by their kinetic component, and they are weakly bound to the BN sheets.

This feature can be clearly seen when representing the charge density associated
with the state at the bottom of the conduction bands at I" in a plane perpendicular
to the BN layers (Fig. 5d). Clearly, the charge density cannot be described as a
linear combination of boron or nitrogen p_ orbitals (as for the states represented in
Fig. 5a—c) since the charge density extends much further into the interlayer region.

pala
01 0 1

Fig. 5 Contour plots in a plane perpendicular to the BN layers of the charge density of selected
states for bulk hexagonal BN. BN layers are indicated by horizontal lines. N atoms are represented
with filled circles and B atoms with empty circles. The charge densities are averaged over planes
parallel to the BN layers and normalized to unity in the unit cell. (a) LUMO state at M, (b) HOMO
state at K, (¢) HOMO state at H, and (d) LUMO state at I'. In (d), contours labeled 1 and 2 cor-
responds to a charge density of, respectively, 0.16 x 10~ and 0.63 x 10~ electron/a.u.’. The
maximum charge density is 1.26 x 10~ electron/a.u.’ on the nitrogen atom. (Adapted from [35],
Copyright by the American Physical Society)
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Such a state, localized mainly in between the atomic layers, is therefore labeled a
“nearly-free-electron-state” (NFE).

1.3 Optical Properties and Excitons

The band structure and band gap discussed earlier correspond to photoemission
spectroscopy experiments where electrons are brought to (or from) infinity, creating
thus a charged excitation of the system. In an optical experiment, excited (hot)
electrons are not removed from the system. They are promoted from the valence to
the conductions bands, leaving a hole behind. Optical experiments thus probe
neutral excitations where electrons and hole can interact through the screened
Coulomb potential. In particular, the optical “band gap” (absorption threshold) is
usually smaller than the quasiparticle band gap, the difference being related to the
electron-hole interaction energy, the so-called excitonic binding energy.

As a preliminary remark to the physics of optical absorption in BN nanotubes,
we recall that in the case of carbon tubes, it was shown theoretically [42-44]
and experimentally [45] that the absorption is dominated by the component of
the electric field parallel to the tube axis. For perpendicular components, the depolari-
zation fields are important and reduce considerably the absorption at low energy.
Simple considerations lead to the following expression for the perpendicular
polarizability [42]:

O ey (w)
1+20, (w)/R*’

O pery (@) =
05 perp

where R is the tube radius and &, is the independent-electron perpendicular
polarizability. On the contrary, when the electric field component is parallel to the
tube axis, o and o o para do not differ much. Similar effects were evidenced in
the case of small BN nanotubes using ab initio time-dependant density functional
theory (TD-DFT) calculations [46].

The above-mentioned TDDFT calculations fail, however, in providing an accurate
description of the electron—hole interactions, a drawback related in particular to the
absence of long-range interactions in the so-called exchange-correlation kernel (for
a review, see Onida et al. [47]). We will not deal here with the general theory of
excitons in semiconducting materials and refer the reader to elementary textbooks
on the subject [48]. Let us briefly remind that it is traditional to distinguish between
extended Mott—Wannier excitons [49], where hole and the electrons are separated
by a rather large number of unit cells, and the so-called Frenkel excitons where the
electron—hole pair is spatially confined over a few atoms. Frenkel excitons form in
molecular systems and strongly ionic crystals where the charged ions can trap the
excited electrons and holes.

In the standard Mott—Wannier approach [49], the electron—hole system is treated
as an effective “hydrogenoid” problem with an electron (hole) effective mass
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(m," m,") related to the curvature of the bands at the bottom (top) of the conduction
(valence) bands, and a Coulomb interaction screened by the macroscopic dielectric
constant €. One thus obtains a renormalized Rydberg series with excitonic binding
energies obtained through:

1 : 1 1 1
EZ—(—ZJ( 2/1 *j Ry with — =t
n* )\ g, m, wooom.  om,

e

This model assumes “extended” excitons for which the hole and the electrons are
separated by a rather large number of unit cells. This is indeed the condition, for
example, for using the long range macroscopic dielectric constant g, for reducing
the electron-hole interaction.

Excitonic effects in strictly 1D systems have been shown to exhibit specific signa-
tures related to the divergency of the Coulomb integrals on a line. In particular,
Loudon [50] showed that in principle the excitonic binding energy should diverge
within a 1D generalization of the Mott-Wannier model. Further, it was demonstrated
that the so-called Sommerfeld factors [51, 52] should be quenched and compensated
for the van Hove singularities in the valence to conduction convoluted density of
states. Such results are valid for strictly 1D systems but are expected to affect the
physics of nanotubes, especially in the small diameter limit, with an enhanced excitonic
binding energy, for example, when compared with bulk systems.

It is difficult to assess a priori the validity of such simplified models in the
case of low-dimensionality systems such as nanotubes. For example, the notion of
macroscopic dielectric constant is certainly difficult to handle. As such, a few
groups have performed fully ab-initio calculations within the so-called Bethe-
Salpeter approach [47] to explore the optical properties of #-BN systems, including
bulk, isolated sheet and small diameter nanotubes [37-39]. Such an approach can
be viewed as a generalization of the Mott—Wannier model with excitonic wavefunctions
built from an extended combination of valence |vK) and conduction bands |ck)
products (noted [vckybelow) and with the electron-hole interaction being screened by
the full microscopic dielectric function &r,r”) (not only its long-wavelength limit
€,). Technically, the electron-hole two-body eigenvalue problem reads:

H W)= B |9 )with |#7) =3 A |vek),
vek

direct

exch
+ Vw.k.‘,,(,k, + 55,0 14

vek,v'e’k” *

He" ..=D

vekv'c’k” T ek’ 'k’
with the electron-hole Bethe-Salpeter Hamiltonian H*" which decomposes as:
D, e = (€Y —€,9)8,.6,.6,
v = —[drdrg, (Ng, W rro = 06,08, ().

Viiwew = fdrdr'd’vk(r)fl’:k (Ve ()P (7)o ().
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The ¢ and ¢ energies are the quasiparticle (GW) eigenvalues in the absence of
electron-hole interaction as described previously. The term V4. accounts for the
direct screened Coulomb interaction between the hole and the electron. The
statically screened Coulomb interaction W(r,r') is built from the full microscopic
dielectric function &( r,r"), which allows to properly describe the reduction of
screening at short distances. This contrasts with the Mott-Wannier model where the
screening is introduced by using only the macroscopic dielectric constant €,
a concept valid only whenever the hole and the electron are spatially well separated, a
condition that is not verified in the case of 2-BN systems as shown later (Fig. 6).
The exchange term 75 .. accounts for the splitting between the singlet (S = 0)
and the triplet states (S = 1). S refers here to the total value of the spin. In particular,
due to this exchange term, the first excited state with (S = 1) is lower in energy than
the (S = 0) first excited state, an energy ordering reminiscent of the so-called
Hund’s rules in atomic physics. This is an important consideration since an excited
electron, promoted from the (S = 0) ground state to the (S = 0) first excited state
may relax onto the lower energy (S = 1) level. In the (§ = 1) energy level, the
photoelectron cannot relax onto the (§ = 0) ground state, which is orthogonal in
spin space. Excitons with (S = 1) are labeled as dark excitons since recombination

RPA GW + Bethe Salpeter
a T I T T T A T T T T T T T
TN bulk ) continuum onset
O T R Ceee | A Nonposny L
T I N T T T T T T T T T
b \\\ sheet B) continuum onset

absorption
absorption

6 ;7 87
E (eV)

4 5

6
E (eV)

Fig. 6 Optical absorption spectra of (a) bulk #-BN, (b) a BN sheet, and (c¢) six BN tubes with
increasing diameter d. The GW+Bethe-Salpeter results (including e-h interactions) are compared
with those resulting from the random-phase approximation (RPA or time-dependent Hartree, not
including e-h interactions). The light polarization is parallel to the tube axis/plane [except for the
dotted line in the (6, 6) case where it is perpendicular to the tube axis] (Reprinted with permission
from [38], Copyright by the American Physical Society)
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with photon emission is not allowed by symmetry. This selection rule can be broken
if spin-orbit coupling is strong enough (a condition not verified for first row
elements) or if an applied magnetic field can mix spin components.

These calculations point out to dramatic excitonic effects with binding energies
ranging from ~0.7 eV in the case of bulk #-BN [37] up to ~3 eV in small diameter
BN nanotubes [38, 39]. Such values are consistent with the 2.3 eV binding energy
for the low lying bright exciton in the BN (6, 0) tube found by Park and coworkers
[39]. This evolution of the binding energy shows a strong dimensionality effect,
which can be understood by the reduction of screening in 1D systems.

When compared with carbon systems, the excitonic binding energies are found
to be much larger and the excitons much more localized. For example, the root-mean-
square of the exciton radius is found to be ~3.7 and ~8.59 A in the (8, 0) BN and
C tubes, respectively, while the binding energies are enhanced from ~1.0 eV in
carbon to ~2.3 eV in the BN case [39]. Such an evolution can be associated with
the strong ionic character of the BN network, which enhances the “Frenkel” nature
of the excitons (Fig. 7).
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Fig. 7 Excitonic wavefunction extent in (a—c) the (8, 0) BN tube, and (d-f) the (8, 0) carbon tube.
In such a representation, the hole is fixed at the origin and one plots the electron wavefunction
(Reprinted with permission from [39], Copyright by the American Physical Society)
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1.4 Polarization Effects in BN Nanotubes

Theoretical calculations suggested the existence of a nonzero ground-state polarization
in BN (n, m) nanotubes such that (n — m) is not a multiple of three [53, 54]. This is
a nontrivial quantum effect. The existence of a nonzero ground-state polarization
induces a photo-current upon photon absorption even if the light is nonpolarized.
Finally, it has been shown on the basis of ab-initio calculations that the band gap of
BN tubes can be dramatically reduced upon application of a transverse static electric
field, a phenomena labeled “giant dc Stark effect” [55]. The latter effect has been
experimentally confirmed [56], while the sooner still has not.

1.5 Insights from the Physics of BN Fullerenes

In a similar way as carbon nanostructures, BN nanostructures can be synthesized in
either nanotube or fullerene forms. The first experimental evidence of BN fullerenes
was obtained by Stephan et al. [57], who observed nested BN concentric cages with
a square-like shape in electron-irradiated BN samples. Following that, Golberg
et al. [58] observed single-layered BN fullerenes that clearly revealed octahedral
shapes, which could be modeled by fullerenes with 4 and 6-membered rings. More
recently, Oku et al. [59, 60] have produced BN fullerenes by an arc melting technique,
in quantities large enough to allow their characterization by mass spectroscopy.
This revealed the existence of B, N, and several other BN fullerenes.

From the theoretical point of view, it has been predicted, before the experimental
evidence, that stoichiometric BN cages should be composed of even-membered
rings, which prevents the formation of homopolar B-B or N-N bonds [61, 62].
However, the specific types of rings in the cage seem to depend on the fullerene
size: for instance, recent ab-initio calculations [63—-65] indicate a stable tubular
structure with 6, 4, and 8-membered rings for B2 4N o while an octahedral cage with
4 and 6-membered rings for B, N, [66] accounts for transmission electron micro-
scopy images observed by Golberg et al. [58] Selected tubular and octahedral BN
structures, optimized from ab-initio calculations [65], are shown in Fig. 8. The
figure also shows hypothetical icosahedral BN structures, where the 5-membered
rings lead to the formation of line defects consisting of homopolar bonds.

The above-mentioned even-membered-rings rule for stable BN nanostructures
does not always apply. For instance, in the case of nonstoichiometric B N cages,
calculations indicate that fullerenes with adjoining pairs of fivefold membered rings
can be stable [67, 68]. Also, in the case of BN nanocones, calculations indicate [69]
that cones with a fivefold ring at the tip can be more stable than those with fourfold
rings at the tip. The BN nanocones terminated with fivefold rings at the tip necessarily
contain an antiphase boundary, a line defect with a sequence of N-N or B—B bonds.
These line defects can be further stabilized by carbon doping, and lead to electronic
states deep into the BN band gap region [69, 70], which might lead to optical and
electronic properties useful for device applications.
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a6 B

octahedral

icosahedral

Fig. 8 Selected tubular and octahedral BN fullerenes, optimized from ab-initio calculations.
We also show hypothetical icosahedral BN structures, where the 5-membered rings lead to the
formation of line defects consisting of homopolar B-B bonds. Nitrogen atoms are indicated by
black circles, and boron atoms by grey circles. The atoms in the back part of the structures were
omitted for visualization purposes (Adapted from [65], Copyright by Elsevier)

2 Composite Boron-Carbonitride Nanotubes

The synthesis of carbon and BN nanotubes, and the similarities between the
two structures, was a strong motivation to attempt to synthesize composite B C N_
nanotubes with various carbon, boron, and nitrogen content. As a matter of fact,
the characterization of pure carbon tubes containing “domains” of A-BN was
reported in 1994 [12], that is before the synthesis of pure BN tubes in 1995. The
goal was then to obtain doped carbon tubes, not composite structures, but this
experiment, combined with early reports on planar hexagonal phases with the
BC)N stoichiometry [71], was a clear suggestion that homogeneous BCN tubes could
be synthesized. The optical properties of BCN planar hexagonal phases, photolu-
minescent in the visible range [72, 73], provides further a strong incentive, in
terms of applications, to study such systems.
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2.1 Structure and Properties of h-BC,N Phases

An early model for the structure of 2-BC,N systems was obtained by minimizing the
energy with respect to atomic positions of an 8-atoms hexagonal cell, corresponding
to a (2 x 2) graphene cell, where one half of the atoms are substituted by boron and
nitrogen in equal content [74]. This scheme leads to the geometry represented in
Fig. 9a with chains of C—C bonds intercalated by chains of B-N bonds. An analysis
of this topology reveals that it is actually the structure that maximizes the number
of C—C and B-N bond within this geometry constraint.

This early model for 2-BC,N structures was exploited by Miyamoto and
coworkers [76] to predict the occurence of chiral currents in 2~-BC,N tubes, since
the conductivity along the C—C chains is much larger than that perpendicular to the
insulating B-N chains.

The recipe that one should maximize the number of C—C or B-N bonds to obtain
the most stable structures with the BCN stoichiometry leads to the conclusion that,
in the thermodynamic limit, such systems are driven toward segregation, or demixion,
in pure carbon and #-BN domains. As a simple model for such a segregation, it was
shown on the basis of ab-initio calculations [75, 77] that increasing the width of the
intercalated C and BN strips, generalizing the early Liu et al. model (see Fig. 9b, c),
would significantly stabilize the system as shown in Fig. 10a. This segregation in

e

Fig. 9 (a) Original Liu et al. model (labeled as well type-Il 2-BC)N). (b, ¢) Generalized
h-C, (BN), strip models with n =2 and n = 3 (Adapted from [75], Copyright by Springer)
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Fig. 10 (a) Stability of h-(C,) (BN) structures taking as a reference fully segregated h-BN and
graphene sheets, and (b) corresponding evolution of the band gap with DFT-LDA and GW
approaches (Adapted [75], Copyright by Springer)
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strips of pure ~-BN or graphene can be generalized to segregation in pure domains
of various shapes, a possibility studied theoretically by means of semiempirical
approaches [78].

Experimentally, the segregation into domains requires the diffusion of atoms
over long distances. As diffusion is activated by temperature, such phenomena is likely
to be observed in high-temperature synthesis techniques such as arc discharge or
laser ablation. As a matter of fact, in the arc discharge synthesis of MW composite
BCN tubes, a complete segregation was observed leading to concentric shells of
pure carbon and pure BN walls [79], a phenomenon for which a theoretical kinetic
model was proposed [80]. However, using low temperature CVD synthesis, or
substitution techniques on preformed carbon tubes, homogeneous samples can be
obtained. The existence of ~-BC,N systems with a band gap in the visible range
[72, 73] requires indeed the synthesis of rather homogeneous BCN samples as
discussed now.

2.2 Electronic Properties of h-BC,N Systems

The metallic, or small gap semiconductor, behavior of carbon nanotubes, and the
large gap insulator character of BN tubes, suggest that #-BC N planar or tubular
forms should display intermediate electronic properties. The photoluminescent
character of planar 4-BC,N phases with an absorption threshold in the visible range
proves indeed that the corresponding band gap can enter the 1.8-3.2 eV range.
Further, resonant Raman scattering [81] or transport [82] experiments clearly
confirmed such values for boron carbonitride nanotubes. These results are also
consistent with ab initio simulations both within the density functional theory
(DFT) and, beyond, within an accurate quasiparticle many-body (GW) approach
[75, 77] for various planar ~--BC,N systems with increasing segregation character
(Fig. 10b). Clearly, low segregation (small index n), that is structures with a significant
number of C—-B or C-N bonds, is needed to obtain a band gap in the visible range.
Such a control of the band gap by atomic structure was clearly demonstrated
experimentally yielding “adjustable” band gap nanotubes [83]. Further, several
synthesis techniques to enhance the number of B—C bonds, with respect to pure
B-N bonds, or taylor the B/C/N ratio, have been explored [84, 85]. We will come
back to that point below in the case of nonstoichiometric h—Cx(BN))_ structures.

2.3 Nanotube C/BN Hetero-Junctions
and Properties of C/BN Edges

In the limit of moderate segregation, one may expect the realization of carbon
graphene flakes or cylindrical sections quantum dots surrounded by an insulating
BN matrix, leading thus to C/BN hetero-structures. In the limit of complete segregation
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Fig. 11 Symbolic representation of (a) graphene island in #-BN matrix quantum dot, (b) C/BN
hetero-junction, and (c) concentric C/BN/C nanotubes

within a same nanotube wall (high-temperature synthesis), one obtains metal/insulator
(Schottky) or semiconductor/insulator C/BN rectifying hetero-junctions (see Fig. 11b)
that were first suggested and studied [86]. C—BN patterned single-walled nanotubes
have been recently synthesized together with a growth model that allows to understand
how one might control the observed C/BN self-organisation [87].

Interesting effects related to C/BN interface states have been proposed on the
basis of ab initio simulations. At the C/BN interface, metal-induced gap states,
exponentially decaying in the BN section, have been shown to exist both using ab
initio calculations on finite size sections, or recursive tight-binding approaches
allowing to study connected semiinfinite BN and carbon tubes [86]. It was shown
in particular that C-N bonds at the junction would yield in-gap states close to the
BN conduction band edge (donor character), while C-B bonds would yield on the
contrary acceptor states. Interestingly enough, upon switching of spin polarization
using local spin density approaches, it was predicted that such edge states would be
spin polarized [88]. As a result, isolated C/BN junctions could be used to polarize
incoming electrons, while ordered C/BN hetero-structures may display ferromagnetic
order. Similar effects of spontaneous spin polarization, related to the presence of
nondispersive edge states, were discussed in the case of BNC ribbons [89].

2.4 Nonstoichiometric h-BnyNz structures

Beyond the 2-BC N structures, where C-C and B-N dimers are in equal number,
more general B C N_ systems can be expected to be found in experimental samples.
This possibility was explored by Mazzoni and coworkers [90] in first-principles
calculations for B C N_layers. The authors considered 20 distinct eight-atom-cell
structures with four pbssible stoichiometries, namely BC,N, BCN,, B,CN, and
B,C,N.. Given that the number of each atom species is not conserved among the
structures, the energetic stability has to be obtained from the formation energies
E=E — nyl,— n i, — nylh,, where n, and 4, are the number and the chemical poten-
tials of species i in a given structure, respectively, and E is the total energy of that
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Fig. 12 Calculated bandgaps of several types of B CyNz layers (within the DFT-GGA approach)
vs. their formation energies. The stoichiometric structures (B/N ratio of one) are indicated by open
circles. For the nonstoichiometric structures, indicated by friangles, the formation energies are
calculated in both B-rich and N-rich environment conditions (Reprinted with permission from
[90], Copyright by the American Physical Society)

structure. The pare constrained so as to result in £= 0 for complete segregation into
graphene and planar BN, and stability criteria can be derived from E, in the limits
of either boron-rich or nitrogen-rich environments [68]. Surprisingly, the most stable
structure, among the considered ones, was not one with BC,N stoichiometry, but a
B,C,N;, structure instead. The authors also found that the structures with a B/N ratio
of 1 tend to have simultaneously large band gap values and small formation ener-
gies. This is shown in Fig. 12, where the calculated bandgaps of several types of
B CN_layers (within the DFT-GGA approach) are plotted vs. their formation ener-
gies. It is also interesting to notice that the nonstoichiometric structures (B/N ratio
different than one) have either small or null bandgaps.

Another interesting prediction regarding nonstoichiometric structures, from Okada
and Oshiyama, reveals on the basis of ab initio simulations that specific stoichiometry
should lead to a flat-band-related ferromagnetic order [91], as a generalization
of Lieb’s theorem on nonstoichiometric bipartite systems [92], even in the absence of
edge states such as in the case of C/BN heterojunctions or BN and BCN strips. Such
a prediction is still to be verified experimentally.

3 Conclusions

Despite tremendous progress in the synthesis techniques and the quality of the produced
nanotubes, the physics of BCN tubes is still in its infancy when compared, e.g., with
their carbon analogs that are currently incorporated in devices such as transistors or
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nano-electro-mechanical systems (NEMS). For example, the electronic and optical
properties of #-BN nanotubes, displaying a priori the most simple structure, have
been only very recently characterized experimentally, and there is still much
controversies about their absorption spectrum and the contribution of defect
assisted emission lines.

The case of BCN structures is even more challenging. Even though bearing
much potentiality in terms of applications, with a band gap that can be tuned in the
visible range, the versability of the possible atomic structures, driven by a competition
between kinetics and themodynamics, remains as a challenge to the physicists aiming
at synthesizing tubes with a well-controlled stoichiometry, geometry, and electronic
properties. From visible-range light-harvesting materials, to C/BN rectifying junctions
and quantum dots or BN-sheated (that is protected) carbon nanotubes, the expectations
associated with such systems are extremely large, provided that a better understanding
of the growth mechanisms be achieved.
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Optical and Vibrational Properties
of Boron Nitride Nanotubes

Ludger Wirtz and Angel Rubio

Abstract As for carbon nanotubes, optical and vibrational spectroscopy — in partic-
ular Raman and luminescence spectroscopy — play an important role for the charac-
terization of BN nanotubes. In this chapter we review, from a theoretical view point,
the different spectroscopic techniques that are currently used for BN nanotubes and
make a close link with available experimental data. We summarize experimental
and theoretical data on optical absorption spectroscopy, luminescence spectroscopy,
electron-energy loss spectroscopy, Raman spectroscopy, and infrared (IR) absorp-
tion spectroscopy. The combination of all those methods allows for a fairly complete
characterization of the electronic structure and the vibrational properties of BN
tubes. Possible applications in optoelectronic devices are briefly discussed.

1 Introduction

Boron nitride (BN) is isoelectronic to carbon and displays, among others, a graphite-
like hexagonal phase (h-BN). The elastic constants are very similar (although
smaller), but the polar nature of the BN bond leads to significant changes in the
electronic structure of h-BN as compared to graphite. While graphite is a semimetal
(zero bandgap in the single sheet), h-BN has a large bandgap (above 6 eV).
Furthermore, its high thermal stability and relative chemical inertness distinguishes
it from its carbon counterpart. Together with graphite and BN, the lesser known
BC,, BC)N, and CN (C,N)) also crystallize into graphitic-sheet like structures.
Whereas the single BN sheet is a wide bandgap semiconductor the less ionic BC,
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and BC)N are small and medium gap semiconductors, respectively, with envisaged
potential new applications.

Briefly after the discovery of carbon nanotubes and based on the similarities
among graphite and other sp-like bonded materials, the existence of boron nitride
[1] and boron—carbon—nitrogen nanotubes was predicted [2-5]. Specific synthesis
of these nanotubes was achieved afterward: boron nitride in [6], and BC,N and BC,
in [7, 8] as well as other inorganic tubular forms. The growth of the composite
nanotubes is still an open question and deserves more theoretical as well as experi-
mental studies. The predicted properties of these tubules are quite different from
those of carbon with numerous possible technological applications in the fields of
catalysis, lubrication, and electronic and photonic devices.

In contrast to C nanotubes which can be either semiconducting or metallic,
depending on the chirality of the tube, BN nanotubes are always semiconducting
with a large bandgap, that is nearly independent of the tube diameter, chirality, and
whether the nanotube is single-walled, multiwalled, or packed in bundles [1, 2].
A structural difference between BN and C tubes is that for tubes with small diameter,
the BN system buckles with the B atoms moving inward and the N atoms outward [2].
This results in a dipolar double cylinder shell structure. The uniform electronic
properties and the dipolar barrier suggest that BN nanotubes may have significant
advantages for applications in electronic and mechanical devices. Furthermore, the
bottom of the conduction band is a nearly free electron like-state (NFE). This state
remains the bottom of the conduction band even in the multiwall case and, in the
case of n-type doping, will play an important role for potential applications in field
emission devices and molecular transport.

Several spectroscopic methods are commonly used for the identification and
characterization of BN nanotube samples. High-resolution transmission electron micro-
scopy (HRTEM) allows for a quick view at the scene with almost atomic resolution.
Scanning tunneling microscopy/spectroscopy (STM/STS) allow to get atomic resolu-
tion and to map the electronic structure to the underlying nanotube geometry. In opti-
cal spectroscopy, using laser light, the spatial resolution is lost. However, alternative
information about the band structure and the vibrational properties of the constituents
can be gained. Optical absorption spectroscopy probes the electronic band structure
by direct excitation of an electron from the valence to the conduction band. Since BN
tubes have a wide bandgap, either multiphoton processes or ultraviolet (UV) light are
necessary for this process to occur in BN nanotubes. The detailed knowledge of the
optical properties of BN tubes is indispensable for their characterization and may help
to guide their use as nanoelectronic devices: for example, BN nanotubes have been
used to build a field effect transistor [9] and the observed high yield of UV lumines-
cence [10] of bulk hexagonal BN suggest to use of BN nanotubes as UV light sources.
Therefore, it is important to know about possible excitonic states whose importance
has been shown for the optoelectronic properties of carbon nanotubes.

At lower energy, IR absorption probes the direct excitation of phonons. Raman
spectroscopy probes the excitation of phonons by measuring the frequency shift in
elastically scattered laser light. In contrast to carbon nanotubes, in BN tubes the
Raman scattering is nonresonant due to the large bandgap of the tubes. The resulting
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spectra are, therefore, weaker in intensity and must be carefully separated from a
possible overlap by resonant Raman scattering from contaminants. On the other
hand, the efficiency of IR-absorption is enhanced by the polarity of the material and
gives rise to a much more pronounced IR spectrum than in the case of carbon tubes
where the IR spectra have very little structure and can hardly be distinguished from
the IR spectrum of graphite. It is then expected that a combination of optical,
Raman, and IR spectroscopy will be important for the characterization of BN tubes
such as it is already in the case of C tubes.

For the interpretation of such spectra, an accurate knowledge of the phonon
frequencies as a function of tube diameter and chirality together with the corre-
sponding photoabsorption cross section is indispensable. Therefore, we present in
detail the calculations of phonons in BN nanotubes and their symmetry analysis.
For zigzag and chiral nanotubes, the set of IR-active modes is a subset of the Raman-
active modes. In particular, the radial breathing mode (RBM) is not only Raman but
also IR active. However, for armchair tubes, the sets of IR- and Raman-active
modes are disjoint.

This chapter is organized as follows. First, we provide a detailed description of
the absorption spectra of bulk hexagonal BN and the tubes, making a connection
between the two and highlighting the relevance of many-body correlations (quasi-
particle and excitonic corrections). Then, we will address some important issues
related to the high-yield luminescence in BN samples and how it can be externally
controlled and modified by the presence of intrinsic defects in the samples.
Furthermore we will discuss the excitation of plasmons in electron-energy loss
spectroscopy (EELS). The second part of the chapter will be devoted to the phonons
and the IR and Raman spectroscopy of BN tubes.

2 Optical Absorption Spectra of BN Nanotubes

Due to the large bandgap of h-BN (>6 eV), optical absorption only starts in the UV
regime. Thus, optical absorption spectra of BN tubes are difficult to measure and
may not be the method of choice for the characterization of tubes. However, their
understanding on a theoretical level is of utmost importance as a first step toward
the understanding of luminescence in BN tubes. Furthermore, we will see that the
absorption spectra are conceptually interesting because they are dominated by one
strongly bound exciton.

2.1 Absorption Spectra in the Independent-Particle Picture

The absorption cross section of an isolated nanotube is given by the imaginary part of its
polarizability (per unit length). To first order, absorption of a photon of energy 7@ is
commonly explained through the vertical excitation of an electron from a state | n, k>
with energy E, in the valence-band to a conduction-band state |n(_, k> of energy E:
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im[e(@)] < [k Y |(n, .k |D|n., k)| 8(E, ~E, ~ho). (1)

The matrix element of the dipole operator D “selects” only certain “allowed” transitions.
Since the photon carries vanishing momentum, both valence and conduction band
states must have the same wave vector k. Equation (1) corresponds to the so-called
random-phase approximation (RPA). It is also called the “one-electron” or “independent-
particle” picture of absorption. The latter name stems from the assumption that the
Coulomb potential in which the active electron is moving and which is caused by
the charge density of all other electrons is static and independent of the state of the
active electron. While this assumption is reasonable for many materials, we will see
below that it has serious deficiencies for h-BN and BN nanotubes. Nevertheless, it
is instructive to start the exploration of the absorption spectra of BN nanotubes in
the independent-particle picture.

The electronic structure of BN nanotubes can be constructed from the electronic
structure of the single sheet via the zone-folding procedure (see below). Therefore,
we present in Fig. 1 the band structure of an h-BN sheet and of a (6,6) armchair BN
nanotube. The band structure of the sheet is characterized by the large direct gap at
the K-point."! According to the zone-folding procedure, the band structure of the
tube can be obtained by cutting the band dispersion of the sheet along certain parallel
lines in the reciprocal space (vertical lines in the gray-shaded area of Fig. 1c¢). The
distance of the lines is determined by the quantization of the wave-vector component K |
along the tube circumference. The different lines correspond to different angular
momenta (quantum number m) along the axis of the tube. Comparing the band
structure of the sheet to that of the tube, we see that the highest valence band and
the lowest conduction band of the tube can be directly obtained from the n and m*
bands of the sheet along the line M — K and beyond. The wavefunctions of the nt
and * bands are predominantly composed of atomic p_orbitals (i.e., p orbitals with
an orientation perpendicular to the plane). We show in Fig. 2 the corresponding
wavefunctions for the sheet at the point K. The n-band wavefunction is predomi-
nantly located at the nitrogen atoms and the m*-band wavefunction is mostly
located at the boron atoms. This is due to the higher electronegativity of nitrogen.
It is the strong difference in electronegativity between B and N that leads to the
large bandgap. (In a graphene sheet, where both atoms in the unit cell are equiva-
lent, the m and n* bands are degenerate at K, leading to the linear crossing of the
two bands.)

In order to understand how an absorption spectrum is constructed via (1), we
look in the following at the RPA-spectrum of a single sheet of h-BN and of the (6,6)
nanotube. Figure 3 shows the RPA-absorption spectrum of the sheet. In the low

"Much can be written about the exact value of the gap. For the dispersion in Fig. 1, we have used
DFT and LDA for the exchange-correlation functional. This yields a gap of 4.5 eV. The exact
value of the bandgap is discussed further in the text.
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Fig. 1 Band structure (calculated with DFT-LDA) for the single sheet of h-BN (a) and for the
(6,6) BN nanotube (b); (¢) demonstrates how the band structure of the tube can be obtained by
cutting the band structure of the sheet along certain lines (zone folding): The left panel shows a
piece of a h-BN sheet that is rolled up along the vector K , thus forming an armchair tube. The
right panel shows the corresponding reciprocal space with quantized values of the momentum in
circumferential direction

Fig. 2 Wavefunctions in the single BN sheet of (a) the © (N-based) and (b) the 7* (B-based) band
at K

energy regime (<10 eV) and for light-polarization parallel to the sheet (panel a), the
dipole-matrix element in (1) only selects transition from the m to the n* band
(arrows in Fig. 1). The onset of the spectrum is at 4.5 eV which corresponds to the
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E (eV)

Fig. 3 RPA-absorption spectrum of a single BN sheet with (solid lines) and without (dashed
lines) depolarization effects: (a) light-polarization parallel to the plane, (b) polarization perpen-
dicular to the plane, (¢) averaged spectrum

direct gap of the sheet at K. The peak at 5.7 eV stems from the M-point where the
7 and w* bands display saddle-points and the joint density of states has a maximum.
If the light is polarized perpendicularly to the sheet (Fig. 3b), the m—n* transitions
are dipole-forbidden. Optical absorption is due to 6—n* and n—c* transitions and
the onset of the RPA-spectrum is only at about 10 eV. Figure 3 also demonstrates
the effect of depolarization. The dashed line shows the spectrum calculated with
(1). The external field polarizes the charge distribution of the sheet, creating a layer
of dipoles. This dipole layer, in turn, leads to an induced electric field that is
directed opposite to the external field. The absorption spectrum must therefore
be calculated self-consistently. (Mathematically, this corresponds to taking into
account off-diagonal elements of the dielectric tensor in reciprocal space.) The
resulting spectrum (solid line in Fig. 3) is strongly reduced in oscillator strength in
the energy range below 15 eV. For the parallel polarization (Fig. 3a), the depolarization
effects have only a minor influence. The direction-averaged spectra (Fig. 3c) is
dominated by the contribution from the parallel polarization.

In Fig. 4a, we present the RPA spectra of bulk h-BN, of the single-sheet of h-BN
and of different BN nanotubes with diameters ranging from 2.8 A (for the purely
hypothetical BN (2,2) tube) to 9.7 A (for the BN (7,7) tube), which is at the lower
border of the range of experimentally produced tubes. The light polarization is set
parallel to the planes or tube-axis, respectively, because, as discussed above, depolari-
zation effects strongly suppress the absorption in the perpendicular direction. For the
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Fig. 4 RPA-absorption spectra of (a) bulk hexagonal BN, (b) a single sheet of hexagonal BN, (c)
six different BN tubes with increasing diameter d. Solid lines are calculated with a Lorentzian
broadening of 0.025 eV, dashed lines with a broadening of 0.1 eV (reprinted with permission from
[11], copyright (2006) by the American Physical Society)

bulk and for the single-sheet, the spectra are almost indistinguishable. This is due
to the relatively weak interaction between neighboring sheets in the bulk phase.

Since the bands of the tubes can be constructed from the sheet via the zone-
folding procedure, the RPA spectra of the tubes display transitions at the same
energies as in the sheet. With increasing diameter, the shape of the tube spectra
converges rapidly toward the sheet spectrum, in particular if plotted with a
Lorentzian broadening of 0.1 eV (corresponding roughly to usual experimental
broadening). A calculation with a fine broadening of 0.025 eV (and a correspond-
ingly fine sampling with 200 Kk-points in the first Brillouin zone) reveals additional
fine-structure below 5.5 eV. This structure is due to the van-Hove singularities in
the 1D density of states. For tubes with larger radii, the density of the fine-structure
peaks increases and the RPA spectrum approaches that of the 2D sheet. The onset
of absorption is constantly at 4.7 + 0.1 eV for all tubes except for the (2,2) and the
(6,0) tube (and other small diameter zigzag tubes) where the gap is lowered due to
curvature effects [1, 12]. A very detailed discussion of the RPA absorption spectra
can be found in [12]. We would like to emphasize however, that for BN materials,
the RPA-absorption spectra are of purely academic interest. We will discuss below
that correlation effects strongly modify the shape of the spectra (i.e., position and
strength of the main peak-structure and onset of the continuum).
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2.2 Influence of Correlation Effects on the Absorption Spectra

What is the practical meaning of “correlation effects” in the context of optical
absorption? A photon is absorbed by exciting an electron from the valence band to
the conduction band. For a quantitative prediction of the spectrum, we thus need to
know the exact size of the bandgap. Furthermore, we have to take into account that
the excited electron may interact with the hole that is left behind in the valence
band. These studies are done using many-body perturbation theory with a self-
energy formalism in which electron-correlations are treated on the level of the GW
approximation while the electron—hole attraction is dealt with by means of a static
Bethe—Salpeter equation.

2.2.1 The Bandgap Problem

The bandgap is defined as the energy difference between the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO).
The energy of the HOMO is the energy that it would take to extract an electron from
that orbital. Experimentally, the HOMO energy can be directly measured by
photoemission spectroscopy. The energy of the LUMO is the energy that one gains
(or looses) by adding an electron to the neutral cluster. Experimentally, the LUMO
energy can be measured by inverse photoemission (an electron beam is directed at
a surface and the energy of the emitted photons is measured). For strongly insulating
materials both photoemission and inverse photoemission are very difficult to perform
(the accuracy in direct photoemission, reaching meV resolution, is at present much
larger than for inverse photoemission). Hence, for bulk h-BN (and equally for the
single-sheet and for the tubes), no direct experimental data for the bandgap exists
and we have to rely on theoretical predictions.

The situation for theorists is similarly difficult. We discuss here briefly the
performance of the two most frequently used methods for band-structure calculations:
the Hartree—Fock approximation (HFA) and density functional theory (DFT). Let
us assume that in both approximations, the HOMO energy is described properly.
The problem lies then in the LUMO energy. If an additional electron is attached to
the material, it interacts with the other electrons through the dielectrically screened
electron—electron repulsion which leads to a polarization of the environment. This is
a correlation effect and lowers the energy of the LUMO with respect to an imaginary
system where correlation effects are absent. In the HFA, correlation effects are not
included (the electron density is the static charge density of the neutral ground-state).
Therefore, in general, the HFA severely overestimates the bandgap. DFT in the
local-density approximation (LDA) or in the generalized-gradient approximation
(GGA) [13] tends to overestimate the screening of additional electrons. This
results, in general, in an underestimation of the bandgap. In this way, we obtain for
the single sheet of h-BN a gap of 4.5 eV in LDA, 4.6 eV in GGA, and 14 eV within
the HFA! The real bandgap must lie within these limiting values. Using more
sophisticated exchange-correlation functionals in DFT, one can get closer to the
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exact bandgap. With the B3LYP hybrid functional [14], we obtain 6.4 eV. Baumeier
et al. [15] report a value of 6.3 eV, using a self-interaction corrected DFT approach.
A reliable calculation of the gap can only be achieved taking electron—electron
correlation explicitly into account. This is achieved in the so-called GW approximation
which will be briefly discussed below. In the GW approximation, the bandgap of
the single h-BN sheet is 8.1 eV [11].

The only exact way to calculate the bandgap of a material consists in the use of
the methods of many-body perturbation theory. Starting from either HFA or DFT
wavefunctions and energies, the first step is the calculation of the inverse dielectric
function &' on the level of the RPA. The dielectric function describes how the bare
Coulomb-potential V_ between two electrons is screened by the other charges in the
material. Within the GW approximation [16—19], the quasiparticle energies (single-
particle excitation energies), €, are calculated by solving the quasiparticle equation
(atomic units are used all through this chapter unless otherwise stated)

VZ
|:_7 + I/ext + VHartree + Z(Enk ):|Wnk = EnkWr/k N (2)

The self-energy >= iGW is nonlocal and energy dependent. It is approximated as
the product of the one-particle Green’s function G and the dynamically screened
Coulomb interaction W= &' V_. The resulting energy levels are “true” electron-removal
and electron-addition energies, i.e., they include the effect of dynamic screening upon
removing an electron from the valence band or adding one to the conduction band,
respectively.

In Fig. 5, we show the effect of the GW approximation on the band structure of
bulk h-BN [20, 21]. Note that with respect to the band structure of the single-sheet
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Fig. 5 Band structure of bulk h-BN: LDA (dotted line), GW approximation (circles and dashed lines)
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(see Fig. 1), in bulk h-BN, the 7 and w* bands are split into two bands each. (This is
a consequence of the AA’-stacking of the layers in the bulk.) The minimum direct
gap of 4.47 eV in LDA is shifted to 6.26 eV in the GW approximation. The large
shift points to a strong electron—electron interaction which can be associated with
the layered structure of h-BN: electrons are mostly confined to 2D sheets, hopping
between the layers is weak. For the single-sheet, the gap opening is even stronger:
from 4.5 eV in LDA to 8.1 eV in the GW approximation! This huge GW shift is due
to (1) the fact that electrons are strictly confined to a 2D sheet and (2) due to the
much weaker screening in the isolated sheet as compared to the bulk crystal.

2.2.2 Excitonic Effects

In addition to electron—electron (e—¢) interaction, the electron—hole (e-h) interac-
tion can play an important role for the quantitative description of absorption spec-
tra. The excited electron in the conduction band and the hole left behind in the
valence band interact through an attractive Coulomb potential. As in the case of e—e
interaction, the attractive e-h potential is screened through the inverse dielectric
function. In many large bandgap materials, the e—h attraction leads to the formation
of bound excitons, i.e., discrete states in the bandgap. On a qualitative level, bound
excitons can be compared with bound states of the hydrogen atom. In analogy to
the hydrogen atom, the Hamiltonian of the exciton can be written as
2 2

H* ()=t -, 3)
2 2r

where r is the electron—hole distance and p* is the reduced effective mass which is
the average of the electron and hole effective masses

. i)
YT em)

As in the case of hydrogen, the eigenvalues form a Rydberg series of bound states
with energies

1 et
E=E —— £ 7
2n° 2eh
where E_is the minimum of the conduction band. The “Bohr radius” of the lowest
bound exciton is

“4)

2.2
oe_ NE (5)

For typical semiconductors, the dielectric constant is of the order of 10 and the
reduced effective mass is smaller than half the free electron mass. This leads to typical
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excitonic binding energies of several tens of meV and to Bohr radii that are large
compared to the interatomic distance in the lattice. In the excitonic state, the electron
is on the average quite far from the hole from where it was excited. This justifies the
use of the average dielectric constant in (3). If the dielectric constant is small (e—1),
i.e., if dielectric screening is weak, the excitonic radius shrinks to the order of the
lattice constant and the binding energy can attain several hundred meV. In this case,
however, the use of the simple excitonic Hamiltonian (3) is no longer justified.

A precise calculation of the exciton energies has to take into account the band
structure of the material [going beyond the simple effective mass approach of (3)].
Furthermore, the nonlocality of the screening has to be taken into account. This is
achieved by the Bethe—Salpeter equation [18, 22, 23]:

VEK) A

By —E A% + 3 =43, 6)

Kvt'

Here, the excitons are expressed in the basis of electron—hole pairs (i.e., vertical
excitations at a given k-point from a state in the valence band with quasiparticle
energy E | to a conduction-band state with energy E . The A%, are the expansion
coefﬁments of the excitons in the electron—hole basis and the € are the eigenenergies
(corresponding to the possible excitation energies of the system). If the interaction
kernel K, is absent, (6) simply yields O = (E,~E ), i.e., the excitations of the
system correspond to independent electron-hole pairs. The interaction kernel K
“mixes” different electron transitions from valence band states v, v’ to conduction
band states ¢, ¢’ leading to modified transition energies €. It is defined by

(vrek|K,|ve'k) Jdrfdr¢ck<r>¢vk<r>| 0 ()00 ()

)

—jdrjdr S, ()., (r)jdr e’ (r.r, )| — 0, (00, ().

The second term on the RHS of (7) represents the screened Coulomb interaction
between electrons and holes. The first term is the (unscreened) exchange interaction.
The overall effect of the interaction kernel on the optical absorption spectrum is a
redistribution of oscillator strength as well as the appearance of bound excitons
within the bandgap.

2.3 Absorption Spectrum of Bulk h-BN

Before we discuss the influence of e—e and e-h interaction onto the spectra of the
tubes, we turn our attention to the absorption spectrum of bulk h-BN for two reasons:
(1) bulk h-BN is the precursor material for the fabrication of BN nanotubes and
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spectroscopic methods should thus be able to distinguish tubes and bulk; (2) for
bulk h-BN, sufficient experimental data exists to judge the validity of the combined
approach of GW for the e—e interaction and the Bethe—Salpeter Equation for the
e—h correlation (in the following abbreviated by GW + BS).

Results for the energy-dependent dielectric function of h-BN (light polarization
parallel to the layers) are shown in Fig. 6a and compared with the experimental data
from EELS [24] (in panel b). The dash-dotted line shows the RPA absorption spec-
trum which is in agreement with earlier RPA calculations [12, 25-27]. The broad
peak with a maximum at 5.6 eV is entirely due to the continuum of interband transi-
tions between the w and w* bands (see Fig. 5). The calculated GW + BS absorption
spectrum displays a double peak structure with the main peak at 5.7 eV and a sec-
ond peak at 6.4 eV. The shape of the spectrum is entirely different from the RPA
spectrum: the first peak is due to a strongly bound exciton [21], and the second peak
contains contributions from higher excitons and from the onset of the continuum of
interband transitions (see below). The similarity between the RPA and GW + BS
spectra stems exclusively from the strong broadening employed in the calculation.
The main peaks in the two spectra are at about the same position because of an
almost-cancellation between the bandgap widening due to the GW approximation
and the red-shift of oscillator strength due to excitonic effects. Comparison with
Fig. 6b shows that the shape of the GW + BS spectrum is in much better agreement
with experiment than the RPA spectrum. This underlines the importance of exci-
tonic effects in h-BN. The influence of excitonic effects becomes even more pro-
nounced when we compare the real part of . Only the GW + BS calculation can
reproduce qualitatively the shape of the experimental ..

a b
T T 6 (Gw4BS) TT T T -
30 &, (GW+BS) - 6.1 — &
..... &, (RPA) |
- 5.7 |-— =, (RPA)

Fig. 6 (a) Real (¢, ) and imaginary (¢,) parts of the dielectric function of h-BN calculated in the
GW + BSE approach and in RPA. (b) Experimental data from EELS [24], where €, and &, are
calculated from the loss function via a Kramers—Kronig transform. The calculations include a
Lorentzian broadening of 0.2 eV (full-width at half-maximum) in order to mimic the estimated
experimental broadening. The light-polarization is parallel to the BN layers
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The excitonic nature of the absorption spectrum becomes clear if plotted with a
very small broadening as in Fig. 7. The dominant first peak at 5.7 eV in the theoretical
absorption spectrum is clearly a discrete bound exciton. Its huge binding energy of
0.7 eV was explained by Arnaud et al. [21] as due to the fact that the excitonic
wavefunction is mostly confined within one layer. In the pure 2D limit, the binding
energy of a hydrogenic system is increased by a factor of four compared to the 3D
case [29, 30]. Even if the exciton confinement to one layer in bulk h-BN is not
perfect, it leads to a considerable enhancement of the exciton binding energy with
respect to nonlayered materials. In the inset (c) of Fig. 7, we show an image of the
excitonic wavefunction [28]. Since only the relative position between electron and
hole can be shown, we choose the position of the hole at a small distance above one
of the nitrogen atoms. (The hole is localized there with a high likelihood, because
the HOMO stems from a superposition of nitrogen p_orbitals, as shown in Fig. 2.)
The wavefunction plot thus represents the probabilfty density to find the excited
electron if the hole is at a given position. Clearly, the probability is enhanced
around the boron atoms (the LUMO being a superposition of boron p_ orbitals).
Furthermore, the probability density is confined to within a few atomic distances.
According to the hydrogenic exciton model [(4) and (5)], the strong confinement of
the exciton is linked to a strong binding energy.

bright exciton

Absorption (arb. units)

Fig. 7 Optical absorption spectrum of h-BN with a broadening of 0.001 eV (black solid line) and
with an estimated experimental broadening of 0.1 eV calculated with Yambo (black dashed line)
and with VASP (red solid line). Inset: 2D projections of the probability density |¥*(r,, r,)]* of the
degenerate exciton states with (a) A = 3 and (b) A = 4. The hole is located 0.4 a.u. above
the nitrogen atom in the center (black circle). Summing the two densities [panel (c)] restores the three-
fold rotation symmetry (reprinted with permission from [28], copyright (2008) by the American
Physical Society)
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Not all excited states that are obtained with the Bethe—Salpeter equation are
optically active. We indicate in Fig. 7 that about 90 meV below the dominant excitonic
peak, there is a “dark” bound exciton. This exciton cannot be directly excited
through absorption of a photon, but it may play a role in luminescence. Both the
dark and the bright exciton are doubly degenerate states. The electron densities of
each of the two states that contribute to the bright exciton are not rotationally symmetric
(Fig. 7a, b), but adding the densities of the two states, we recover the expected
threefold rotation symmetry (Fig. 7c). If the symmetry of the perfect crystal is
broken, the degeneracy of the excitons is lifted and the dark exciton acquires some
oscillator strength [28, 31].

Figure 7 shows calculations with two different GW + BS codes. Small differ-
ences in the absolute position of the spectra (of the order of 0.1 eV) stem probably
from the different pseudopotentials used which play a role for the GW correction
to the bandgap.? Both spectra have in common that they are about 0.3 eV too low
in comparison with the various experimental data [24, 36, 37]. One reason for this
(small) mismatch may be that the GW approximation is only the first-order correc-
tion to the bandgap. Higher-order corrections may enlarge the theoretical bandgap
even further and thus blue-shift the spectrum. Another explanation is the effect of
phonon renormalization on the absorption spectrum. Theoretical calculations are
usually performed at zero temperature. Only recently, the first ab initio calculations
of excitonic effects including the exciton—phonon coupling were achieved [38].
This allowed to calculate absorption spectra at finite temperature. For bulk h-BN at
room temperature the dominant excitonic peak has been shown to be at 5.98 eV, in
excellent agreement with the experimental data [24, 36, 37].

2.4 Absorption Spectrum of BN Tubes

After the discovery of carbon nanotubes in 1991, for several years, the optical spectra
were only discussed in the independent-particle picture. In 1997, the presence of
excitons in carbon tubes was predicted by Ando [39]. Since GW + BS calculations
are quite expensive and since the unit cell of nanotubes comprises more than 20
atoms, it was only in 2004 that the first ab initio excitonic spectra of carbon tubes
were published [40—42]. The excitonic nature of the spectra was confirmed in
numerous experiments [43—45].

Since BNNTSs have a much larger bandgap than semiconducting CNTs, it can be
expected that excitonic effects are even more pronounced than in CNTs. This has
been indeed confirmed by GW + BS calculations [11, 46]. Due to the lower dimen-
sionality (and due to lower screening of the e—e interaction), both in the single-sheet
and in isolated BN nanotubes, the GW-bandgap correction (with respect to the
DFT-LDA band structure) is strongly enhanced compared to bulk h-BN: 3.6 eV for

>The code Yambo [32] that was used for the black curve in Fig. 7 uses norm-conserving pseudo-
potentials, while VASP [33, 34] (red curve in Fig. 7) uses the projector-augmented-wave (PAW)
method [35]. PAW was also used in [21].
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Fig. 8 Absorption spectra of the (8,0) SWBNNTSs. The imaginary part of the polarizability per unit
of tube length, or(w), is given in unit of nm?* The spectra are broadened with a Gaussian of 0.0125 eV
(reprinted with permission from [46], copyright (2006) by the American Physical Society)

the single sheet [11] and 3.25 eV for the (8,0) tube [46] as compared to 1.8 eV for
the bulk h-BN.

Figure 8 shows the absorption spectrum of the BN (8,0) tube with and without
e-h interaction (in both cases, GW corrections to the bandgap are included).
Without e-h interaction, the continuum of band-to-band transitions would start
above 8 eV. A strong excitonic binding energy of 2.3 eV leads, however, to a first
absorption peak at 5.72 eV. As in the case of bulk h-BN, the first absorption peak
comprises most of the oscillator strength of the entire absorption spectrum.

The wavefunction of the 5.72-eV exciton is displayed in Fig. 9a—c and compared
to the wavefunction of the lowest bright exciton in an (8,0) carbon nanotube (panels
d—f). The hole is located above a chosen N (C) atom on one side of the tube. While
the exciton in the carbon tube is nevertheless delocalized around the whole tube
circumference, the exciton in the BN tube is localized on the side where the hole is
located. Also along the tube axis, the exciton in the BN tube is much more localized
than the one in the carbon tube. This is in line with the much higher excitonic binding
energy in BN tubes than in C tubes.

Figure 10 presents the excitonic absorption spectra for the same series of BN
nanotubes as in Fig. 4. We compare with the spectra of the single sheet and of bulk
h-BN. With increasing diameter, the shape of the tube spectra converges rapidly
toward the sheet spectrum which in turn is not very different from the spectrum of
the bulk. The rapid convergence as a function of tube diameter toward the sheet
spectrum can be understood from Fig. 9. Since the exciton is not delocalized around
the circumference but localized within a few nearest neighbors’ distance, it “sees”
a locally flat environment and behaves thus as an exciton in the flat sheet. We note
that there is a chirality dependence of the optical spectra but it is only visible for
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Fig. 9 (a-c) Wavefunction of the lowest energy bright exciton of the (8,0) BNNT. (a) Isosurface
plot of electron probability distribution |@(r_, r,)]* with the hole fixed at the position indicated by
black star. (b) |®(r , r,)|* along the tube axis, averaged over the tube cross section. The hole posi-
tion is set at zero. (c¢) |¢(re, rh)|2 evaluated on a cross-sectional plane of the tube. (d-f)
Wavefunction of the lowest energy bright exciton of the (8,0) SWCNT. Plotted quantities are
similar to those in (a—c) (reprinted with permission from [46], copyright (2006) by the American
Physical Society)

the smallest diameter tubes. The spectra of the armchair tubes converge much faster
to the 2D case than the ones of the zigzag tubes.

Many-body effects in carbon nanotubes have been found to be quite different
[40, 42]: binding energies and quasiparticle shifts are much smaller, and the exten-
sion of the excitonic wavefunction (several nm) is larger than the typical tube
circumference. Thus, excitonic binding energies strongly vary with the diameter.
Excitons in carbon nanotubes are 1D objects, i.e., squeezed in the circumferential
direction.

The strongly localized nature of the exciton in BN structures makes the appear-
ance of 1D confinement effects very restricted to small diameter tubes, i.e., tubes for
which the extension of the excitonic wavefunction is comparable to the nanotube
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Fig. 10 Absorption spectra (including electron—electron and electron—hole correlation effects of
(a) bulk hexagonal BN, (b) a single sheet of hexagonal BN, (c¢) six different BN tubes with
increasing diameter d. Solid lines are calculated with a Lorentzian broadening of 0.025 eV, dashed
lines with a broadening of 0.1 eV (reprinted with permission from [11], copyright (2006) by the
American Physical Society)

circumference. As the experimental tubes have diameters around 1.4 nm, the 1D nature
of the tubes cannot be observed and only the 2D nature of the local exciton environment
(tube surface) controls the optical activity.

We remark that dimensionality effects in the electronic properties of BN nanos-
tructures would be more visible in other spectroscopic measurements such as
photoemission spectroscopy, where we mainly map the quasiparticle spectra, and
this (as the exciton binding itself) is sensitive to the change in screening going from
the tube to the sheet to bulk hexagonal BN. In particular the quasiparticle bandgap
will vary strongly with dimensionality (opening as dimensionality reduces) as well
as the onset of continuum excitations that also increases with dimensionality, and
for the case of BN tubes it approaches the value for a sheet as the tube diameter
increases from above (see Fig. 10).
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3 Luminescence Spectroscopy

Recently, the observed high luminescence yield in bulk h-BN crystals [10, 47] has
raised the interest in BN compounds as potential candidates for UV light-emitting
materials. The main luminescence peak (for very pure h-BN crystals) was measured
at 215 nm (5.77 eV) [10]. It is ascribed to the radiative decay of the lowest lying
exciton. In the electronic structure community, this exciton is called a “bound exciton”
because it corresponds to an electron that is “bound” to a hole in the valence band.
Thus the energy of this state lies below the range of “free”” conduction band electrons
(see the discussion on optical absorption above). In contrast, the luminescence
spectroscopy community tends to call this exciton a “free exciton” because it is
independent of structural defects of the material. For the remainder of this section,
we will use the notation of the luminescence spectroscopy.

In comparison to the main absorption peak which is located between 6 and 6.1 eV
[24, 36, 37], the luminescence peak experiences a strong Stokes shift toward lower
energy. We note, however, that recent photoluminescence excitation (PLE) spectra
(i.e., measuring the luminescence intensity as a function of the exciting laser energy)
locate the absorption peak corresponding to the “free” exciton rather at 5.81 eV [48].
This yields only a very small Stokes shift of the luminescence peak (5.77 eV).

At low temperature (<100 K), additional luminescence peaks at 220 nm
(5.64 eV) and 227 nm (5.46 eV) have been observed [10, 49] (see Fig. 11).
Jaffrennou et al. found that luminescence at the latter two wavelengths occurs at the
grain boundaries and around dislocations. They ascribed the two peaks to excitons
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Fig. 11 Cathodoluminescence spectrum of h-BN crystallite at 7= 100 K. (a) TEM image of the
h-BN crystallite and (b) polychromatic CL image (reprinted with permission from [49], copyright
(2007) by the American Institute of Physics)
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that are bound to structural defects and thus have a higher binding energy than the
free exciton (and thus a lower position in the luminescence spectrum). At very low
temperature (8 K), Museur and Kanaev [48] found an additional “bound” exciton
line at 5.56 eV and a line at 5.3 eV that they ascribed to a transition between filled
acceptor and donor states.

Luminescence peaks in h-BN have also been observed in the energy region of
4 eV [48-52] (see Fig. 11). They have a much lower intensity than the high energy
peaks and are explained by the presence of deep level impurities, probably due to
Carbon or Oxygen atoms. Indeed, when h-BN crystals were grown under ultraclean
conditions, the 4-eV energy band disappeared from the luminescence spectra [53].
The main peak displays several phonon replica on the low energy side. The proof
that those peaks are really due to electron—phonon coupling was given by Han et al.
[52] who showed that the splitting between the peaks, i.e., the vibrational fre-
quency, changes as a function of the Boron isotope. The nature of the deep level
impurity is not clear. However, calculations indicate the stability of Oxygen in
substitution for Nitrogen atoms [52]. Vacancies and other impurities such as
Carbon could give rise to deep levels as well. The assignment of all the defect-
related peaks observed in luminescence requires more detailed theoretical work.
However, it seems that all luminescence features observed below the main absorp-
tion peak are defect-mediated excitations, i.e., excitons bound to structural defects
or transitions from/to acceptor/donor levels.

Luminescence on multiwalled BNNT samples was observed by several groups.
Wau et al. [54] performed photoluminescence (PL) on multiwall BN tubes. They
only detected the deep-level impurity peaks around 4 eV. The zero-phonon line at
4.02 eV was falsely ascribed to the direct bandgap. Other groups also detected
the excitonic bands in the luminescence of multiwalled BNNTSs [52, 55-57].
Bound excitonic peaks were observed at 5.49 and 5.34 eV [57], i.e., at somewhat
lower energy than in bulk h-BN (5.77 eV). This difference was tentatively explained
in [56, 57]: trapping of excitons on crystalline defects appears to be a major phenomenon.
In the tubes, dislocations and stacking faults along the walls may lead to a stronger
trapping of excitons than in h-BN and to an absence of the “free-exciton line” at
5.77 eV. The stronger trapping leads to slight red-shift of the bound excitonic lines
with respect to the corresponding lines in the PL spectra of bulk h-BN.

From this discussion, it is a logical next step trying to build lasing or optoelectronic
devices with BN nanotubes. In this respect, it is interesting to know if the optical
properties can be tuned in a controlled way. It has been shown theoretically [58—60]
that the bandgap of BNNTSs can be reduced by applying an electric field perpen-
dicular to the tube axis. This decrease of the gap is due to the Stark Effect, i.e., the
charge densities of the top of the valence band and bottom of the conduction band
become spatially separated on opposite sides of the tube. Even though the gap is
reduced considerably, the effect of an electric field on the optical absorption spectrum
was found to be less pronounced [60] (for light polarization parallel to the tube axis
which gives the dominant contribution to the averaged light-scattering cross section).
This situation may, however, change for luminescence spectra. Peaks around 4 eV
in the luminescence spectra are related to defect levels (possible candidates discussed
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Fig. 12 Density of states of (a) a pure (9,9) BN nanotube, (b) a tube with a Carbon impurity atom,
(c) with a C atom and a perpendicular E-field of 0.2 V/A, (d) with a C atom on the opposite side
and an E-field of 0.2 V/A. The light-polarization is parallel to the tube axis

above are vacancies, oxygen substitutions, or carbon substitutions). As an example,
we have calculated the influence of the electric field on the acceptor level that is
due to the replacement of a nitrogen atom by a carbon atom. (The calculations have
been performed in a large supercell [60].) In Fig. 12, we show the density of states
of the pure (9,9) BNNT calculated within DFT-LDA. Adding the carbon impurity
in panel (b) introduces an impurity level at about 0.5 eV above the valence band
edge. Depending on the orientation of the carbon impurity with respect to the direc-
tion of the electric field, this impurity level can move up or down with respect to
the valence and conduction band edges (Fig. 12c, d). Photoluminescence may
involve transitions from the conduction band to the impurity level and from the
impurity level to the valence band. Defect-mediated luminescence spectra may
thus be more sensitive to the influence of an electric field than the spectra of pure
BNNTs [60].

4 Plasmons and Electron-Energy Loss Spectroscopy

The loss function is calculated as the imaginary part of the inverse dielectric function,
Im{-1/ &(w, 9)}. The loss function of bulk h-BN with wave vector ¢ parallel to the
layers has been measured with EELS by Tarrio and Schnatterly [24]. The spectrum
for ¢ — 0 displays two peaks, the so-called “n plasmon” at 8.7 eV and the “n+c
plasmon” at 26.5 eV. The names indicate that the latter plasmon represents the
collective excitation mode of all the valence electrons in h-BN while the first one
is a collective oscillation of the w electrons alone. The loss function of bulk h-BN
is quite well reproduced if e(w, ¢) is calculated on the level of the RPA [12, 27].
The measured loss-function of bundled multiwall BNNTSs in the limit ¢ — 0
displays the same two plasmonic peaks as bulk h-BN; however, red-shifted by
0.6 eV [61]. The similarity of the two spectra is expected, since the inner-radius of the
multiwall tubes was quite large (3.1 nm). The origin of the 0.6-¢V shift, was tentatively
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assigned [61] to the curvature of the inner tubes. Indeed, calculations for small
diameter BN tubes have demonstrated a downshift of the “n” plasmon [12, 27].
Fuentes et al. [61] also presented data on the g dispersion of the m plasmon which
is similar to the dispersion in bulk h-BN. For a detailed discussion of the m-plasmon
dispersion in single-walled BN tubes (using a simple two-band tight-binding
model), we refer the reader to [62].

The experiments of Fuentes et al. were performed on “bulk-like” samples of
tubes. This allowed for a momentum (g) resolution of the loss spectra. The opposite
limit was reached in the spatially resolved EELS measurements on isolated BN
tubes [63]. For isolated tubes, the “dielectric constant” € (which is a bulk quantity)
looses its meaning. Indeed, when a fast electron beam passes (near or through) a
nanotube, the EELS spectrum is proportional to a weighted sum of multipolar
polarizabilities o () with weights decreasing rapidly as a function of the azimuthal
momentum m [64]. To a good approximation, the EELS spectra of isolated BN
nanotubes are proportional to Im(¢, (¢ — 0)), i.e., to the optical polarizability. In
the “continuum dielectric theory” [65],

ao(w)ochn{— +e, (0,9 O)}, 3

g (w,9g—0)

where € and g, are, respectively, the components of the dielectric tensor perpendicu-
lar and parallel to the layers. Since € is strongly reduced through depolarization
effects, the main contribution to the spatially resolved EELS of isolated BN tubes is
thus given by {8H (@, g — 01}). Therefore, one can access the direct optical gap in
EELS experiments, in contrast to bulk materials where one needs to perform a
Kramers—Kronig analysis of the experimental data to extract the dielectric constant.

Indeed, the EELS data (see Fig. 14 in Chapter “Heteroatmic Single-Wall
Nanotubes made of Boron, Carbon and Nitrogen”) displays a lot of similarity with
the measured g (w) from optical absorption. Most importantly, the “optical gap”
was shown to remain almost constant as a function of tube diameter and as a func-
tion of the number of tube walls [63]. Furthermore, it was measured to be almost the
same as in bulk h-BN. This behavior can be understood from the calculations of g (w)
presented above in Fig. 10. While the quasiparticle bandgap of the tubes is strongly
increased with respect to bulk h-BN, the optical gap displays only minor changes.
This is because the increased binding energy of the dominant excitonic peaks
almost cancels the increase in the quasiparticle gap as one passes from bulk BN via
the 2D single sheet to the 1D tubes.

5 Phonons and Vibrational Spectroscopy

Raman and IR spectroscopy in which phonons are excited by inelastic scattering of
light or light absorption, respectively, are convenient tools to investigate the composi-
tion of macroscopic samples of nanotubes. Carbon nanotubes have been investigated



126 L. Wirtz and A. Rubio

extensively through vibrational spectroscopy. Early Raman [66] and IR [67] inves-
tigations were performed on samples of multiwall carbon nanotubes (MWNTs) and
showed signatures close to those of graphite. However, after the production of
single-wall nanotubes (SWNTSs) in large quantities, resonant Raman spectroscopy
turned into a very precise, highly diameter selective identification tool [68]. Especially
the low frequency Raman modes such as the RBM strongly depend on the tube
diameter and thus facilitate the characterization of tubes. The high frequency modes
are only weakly diameter dependent, but their intensity in the resonant Raman
spectra strongly depends on the diameter through the electronic excitation energy
[69]. IR spectroscopy on single-wall carbon nanotubes [70] shows only small
differences when compared to IR data of graphite.

For BN nanotubes, the situation is quite different: The Raman intensities in the
visible light frequencies are weaker than for C nanotubes, since the Raman scattering
(for lasers in the visible light regime) is nonresonant due to the wide bandgap. On
the other hand, BN nanotubes are a polar material and show a much higher IR
absorbance than C nanotubes [71]. It is expected, that the combination of Raman
and IR spectroscopy will develop into a standard characterization tool for BN tubes
such as it is already in the case of C tubes. At this stage, it is very important to have
a detailed knowledge of phonon frequencies in BN nanotubes and to understand the
dependence on diameter and chirality, in order to guide future experiments. We will
give in the following a short description on how phonons are calculated. The phonons
of bulk h-BN and BN nanotubes are presented and Raman- and IR-active modes are
analyzed. We present the calculation of nonresonant Raman intensities and give an
overview on the experimental results as compared to the theoretical predictions.

5.1 Phonon Calculations

The phonons are obtained from the change in total energy as the atoms are displaced
from their equilibrium position. Mathematically, the phonon frequencies  as a func-
tion of the phonon wave vector q are obtained as the solution of the secular equation

1
detl———=C"(q) - 0*(q)| = 0. )
e o (@) -0 (q)

s t
M and M, denote the atomic masses of atoms s and ¢ and the dynamical matrix is
defined as

0°E
CP(q)=— " (10)
<@ du*(q)ou’(q)’

where ll?,B denotes the displacement of atom s in direction «. The second derivative
of the energy in (10) corresponds to the change of the force acting on atom ¢ in
direction B with respect to a displacement of atom s in direction o
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Note the q dependence of the dynamical matrix and the displacements. In an
explicit calculation of the dynamical matrix by displacing each of the atoms of the
unit cell into all three directions, a periodic supercell has to be used which is
commensurate with the phonon wavelength 27/g. Fourier transform of the
gq-dependent dynamical matrix leads to the real space force constant matrix Cft‘ﬁ
(R) where R denotes a vector connecting different unit cells.

A phonon calculation starts thus with the determination of the dynamical matrix
in real space or reciprocal space. For h-BN and BN tubes, three different approaches
have been used. (1) In the force constant approach [72, 73], a reduced set of Czﬁ
(R) was fitted in order to reproduce the experimental phonon dispersion relation
[74]; (2) The force constants were obtained from total-energy calculations using a
semiempirical tight-binding approach [75]; and (3) Force constants were obtained
from ab initio total energy calculations [76, 77]. We will first discuss the equilib-
rium geometry of nanotubes following from ab initio calculations and afterward the
resulting phonon dispersion and the Raman- and IR-active modes.

5.2 Equilibrium Geometry

In the isolated sheet of h-BN, ab initio calculations on the level of DFT-LDA yield
a BN bond length of 1.44 A which is close to the literature value of 1.45 A for bulk
h-BN [78]. In the tubes, the boron—nitrogen bonds display a buckling [2, 15, 76] with
the Nitrogen atoms moving slightly outward and the Boron atoms moving slightly
inward (see inset of Fig. 13). This leads to the formation of a negative outer N-cylinder
and a positive inner B-cylinder. Figure 13 shows that the buckling distance between
these two cylinders is to a very good approximation inversely proportional to the
tube diameter (except for the tubes with very small diameters where the decrease is
faster). The threefold coordinated (and slightly positively charged) Boron atoms
have the tendency to keep the planar sp? bonding geometry with bond angles of 120°
while the (slightly negatively charged) Nitrogen atoms are more susceptible to an
admixture of sp® hybridization leading to smaller bond angles [2]. With this
hypothesis, a very simple explanation of the 1/r dependence can be given. The inset
of Fig. 13 shows a 2D projection of the buckled geometry for a (n, 0) zigzag tube.
The nitrogen atoms are located at the corners of the polygon with distance r, from
the center. The boron atoms are accordingly placed at the midpoints of the sides of
the polygon. The angle 0 is inversely proportional to n and thereby to the tube radius r.
Therefore, also the buckling distance is inversely proportional to the radius

1
ry —1y =r—rcosd zr—r(l—zez)ocl/r
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Fig. 13 Buckling distance in BN single-wall nanotubes as a function of tube diameter (reprinted
with permission from [76], copyright (2003) by the American Physical Society)

For smaller tube diameters (D < 7 A), the strain energy due to the curvature of
the tube [2] becomes so large that the boron atoms no longer keep their planar
bonding geometry but also acquire an admixture of sp* hybridization.

5.3 Phonon Dispersion Relations

5.3.1 Bulk h-BN

Detailed information on the phonons in BN tubes is up to date only available from
theoretical calculations. In order to check the predictive power of these, we compare
first the results of ab initio calculations of the phonon dispersion relation of bulk
h-BN [79-81] with available experimental data [§1-84].

Hexagonal BN has a crystal structure with four atoms in the unit cell and space
group P6,/mmc. Hence, the phonon dispersion relations show 12 different branches
that can be divided into the 2E, + 2A, + 2E, + 2B,  irreducible representations at
the center of the Brillouin zone (I"-point). The branches are usually classified in the
following terms: longitudinal optical (LO) and transverse optical (TO) denote the
high frequency in plane optical modes with vibration amplitude parallel/perpen-
dicular to the phonon wave vector, respectively. Analogous terms are used for the
in-plane acoustic (LA and TA) modes. ZA/ZO denote the out-of-plane acoustic/
optical modes. At the (I'-point), the £, (LO/TO) and A, (ZO) modes are IR active,
the Ezg (TO/LO) are Raman active. The Blg (ZA and ZO) modes cannot be observed,
neither with Raman nor with IR spectroscopy.
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Fig. 14 (a) Phonon dispersion relations of h-BN along the main symmetry directions. The open
(red) circles display modes polarized in the hexagonal plane whereas the solid (blue) circles cor-
respond to modes polarized along the c-axis. The solid curves represent the calculated phonon
dispersion and infrared [82] and Raman [83, 84] data are displayed at the I'-point by open
(magenta) and solid (green) diamonds. (b) Calculated phonon dispersions of a monolayer of h-BN
deposited on three layers of Ni (solid lines) compared to the EELS data from [74] (red open cir-
cles). Note that in the experiment only vibrational modes involving boron or nitrogen atoms were
detected while in the calculations also the vibrational modes of the Ni substrate are included
(reprinted with permission from [81], copyright (2007) by the American Physical Society)

Figure 14 shows the phonon dispersion, measured by inelastic X-ray scattering
[81] along with the Raman and IR data at I" and compared with ab initio calculations.
The agreement is very good and confirms the validity of ab initio calculations for
the phonons in h-BN systems. BN is a polar material. In the optical modes, the
positive ions vibrate in opposition to the negative ions which leads to a local time-
dependent dipole moment. The resulting crystal field gives rise to a splitting between
the LO E, and the TO E, modes (Lyddanne-Sachs-Teller relation [85]). In contrast,
the E, modes are doubly degenerate at I" and the LO E, mode displays a strong
overbending close to I'.

The gap between the ZA and ZO modes at the K point, predicted by the theoretical
models, is well reproduced by the IXS data. Contrary to this, in the EELS measurements
of Rokuta et al. [74] on a monolayer of h-BN deposited on a Ni(111) substrate, an
almost-degeneracy of ZA and ZO was found at K. This is caused by the influence
of the interlayer interaction with the substrate. The influence of the binding to the
Ni substrate has been demonstrated by ab initio calculations of the phonon dispersion
of a BN sheet on a Nickel surface. The calculated dispersion [81] and the EELS
data are in excellent agreement, as displayed in Fig. 14b. The differences between the
EELS and IXS dispersions can therefore be attributed to the binding between
the h-BN monolayer and the Ni substrate.

We remark that although modes related to interlayer vibrations should be very
much sensitive to errors in the correlation functional (as the typical variations in the
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correlation energy that has to be resolved are up to two orders of magnitude smaller
for interlayer phonons than for structural characterization), a description of
exchange-correlation effects beyond the LDA do not modify the phonon dispersion
relations shown in Fig. 14 [86], indicating the robustness and accuracy of the
present DFT-based approach to describe the ion dynamics in polar nanostructures.

5.3.2 Single Sheet of h-BN

The calculated phonon dispersion of the single hexagonal BN sheet is presented in
Fig. 15 together with the one of a single graphene sheet. In general, the phonons of
the BN sheet are softer than the phonons of the graphene sheet: the purely covalent
bonds of graphene are stronger than the (mostly covalent, but partially ionic) bonds
of BN. Furthermore, the degeneracy at K of the out-of-plane acoustic and
optical (ZA and ZO) modes and the degeneracy of the longitudinal acoustic and optical
(LA and LO) modes in graphene is lifted in BN due to the different masses of B
and N. Figure 16 presents sketches of the optical phonons of the BN sheet at I

The phonon dispersion relation of the sheet follows very closely the ab initio
calculated dispersion relation of bulk hexagonal BN when one subtracts the phonon
branches that are influenced by the interplane interaction. This is analogous to the
comparison of phonon dispersion relations in the graphene sheet [87] and in bulk
graphite [88-90] and due to the fact that the interlayer interaction is much weaker
than the interaction between atoms within one layer. The effect of LO-TO splitting
is absent in a 2D single sheet [75, 91]. However, the LO mode displays an overbending
close to I" that is more pronounced than the overbending in the corresponding bulk
LO mode. The phonon dispersion of the sheet will be used below in order to derive
the phonon dispersion and the diameter dependence of phonons of the tubes via the
zone-folding procedure.
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Fig. 15 Calculated phonon dispersion relation of the single hexagonal BN sheet (solid lines) in

comparison with graphene (dotted lines) (reprinted with permission from [76], copyright (2003)
by the American Physical Society)
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Fig. 16 Sketch of the optical phonon modes at I" in the hexagonal BN sheet: (a) out-of-plane
mode, (b) transverse optical (TO) mode, and (c) longitudinal optical (LO) mode. For the assign-
ment of “transverse” and “longitudinal,” the phonon wave-vector points in horizontal direction with
g — 0 (reprinted with permission from [76], copyright (2003) by the American Physical Society)

5.3.3 Tubes

In Fig. 17, we compare the ab initio phonon dispersion relation of a (6,6) BN nano-
tube with the corresponding zone-folding dispersion relation. The zone-folding
method works equally good as in the case of carbon nanotubes [87]. Here and there,
the major difference lies in the low frequency part of the spectrum and is due to the
coupling of in-plane and out-of-plane modes of the sheet upon rolling into a tube.
This leads to a stiffening of the low-frequency tube modes with respect to the zone-
folding model. In general, the zone-folding method does not only reproduce quite
well the dispersion relation, but also yields a good estimate of the total phonon
density of states (right panel of Fig. 17).

5.4 Symmetry Analysis

In Raman and IR spectroscopy, only phonons at (or close to) the I'-point of the 1D
Brillouin zone can be excited (as long as we restrict our discussion to first-order
processes). Furthermore, in Raman spectroscopy, only modes that transform under
symmetry operations as a quadratic form are active; in IR spectroscopy, only modes
that transform as a vector are active [92]. For (infinitely extended) systems with
translational symmetry, the “point group in the space group” determines through the
selection rules which modes are active and which are not. In quasi-1D systems with
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Fig. 17 Calculated phonon dispersion relation and density of states (DOS) in the (6, 6) armchair
BN nanotube. We compare the results of ab initio calculations with the zone-folding method (see
text for details). In the right panel the solid line is the ab initio DOS and the dotted line is the
zone-folding DOS. The symbols in the left panel indicate the avoided crossing between the RBM
(asterisks) and the longitudinal acoustic A, mode (boxes) (reprinted with permission from [76],
copyright (2003) by the American Physical Society)
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Fig. 18 Comparison of the point-group symmetry of the unit cell with the space-group symmetry
of zigzag BN tubes (reprinted with permission from [76], copyright (2003) by the American
Physical Society)

translational symmetry, it is accordingly the “point group in the rod group” that has
to be evaluated [93-95]. Figure 18 summarizes the findings for BN tubes: It can be
easily seen that the unit cell of a (r, 0) zigzag tube possesses an n-fold rotation axis
(with rotation angle ¢ = 27/n). In addition, n (indeed, even 2n) vertical reflection-
symmetry planes (containing the tube axis) can be found. Thus the unit cell of a
zigzag tube transforms under the C, symmetry group. In the infinitely extended
tube, the operations of the C  point group are valid as well, but — in addition — a
rotation by ¢/2 with subsequent translation by 772 also maps the system onto itself.
This leads to the conclusion that for the infinitely extended system, the C,  symmetry
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group is the relevant one for symmetry analysis of Raman- and IR-active modes.
Analogously, for (n, n) armchair tubes, the symmetry group of the unit cell is C , and
the symmetry group of the infinitely extended tube is C, ,. Finally, for chiral (n, m)
tubes, the unit cell has the low point-group symmetry C, where d is the greatest
common divisor of n and m. However, the infinitely extended tube is described by
the C, symmetry group, where N is the number of hexagons (= two times the number
of atoms) per unit cell which is, in general, much larger than d.

The number of active modes is found by determining how often each irreducible
representation appears in the (reducible) representation of the symmetry group (C, ,
C,,,» or C,, respectively) which is given by the 12n vibrational degrees of freedom
of the unit cell. For zigzag tubes this leads to 14 Raman-active modes [94] (3 with
A, symmetry, 5 with E, symmetry, and 6 with E, symmetry, where the E| and the A,
modes with vanishing frequency have already been subtracted). Out of these modes,
8 modes (3A, and 5E)) are also IR active. In the case of chiral tubes, there are 15
Raman-active modes (44, 5E, and 6F,) out of which 9 modes (4A and 5E ) are also
IR active. The small difference in the number of active modes between zigzag and
chiral tubes stems from the fact that the additional vertical reflection symmetry of
the zigzag tube causes a distinction between Raman + IR active A; modes and nonactive
A, modes. The sets of Raman- and IR-active modes for BN armchair tubes are disjoint:
9 modes are Raman active (3 with A, symmetry, 2 with E |, Symmetry and 4 with E,
symmetry) and 4 modes are IR active (1 with A symmetry and 3 with £, symmetry).?
In the next section, it will be explained how these modes can be constructed from
the modes at or close to the I"-point in the BN sheet.

5.5 Zone-Folding Method

Here, we review the zone-folding method which has been frequently used for the
calculation of electronic band structure and phonons in C nanotubes [97] and demon-
strate how the different Raman- and IR-active modes can be deduced from it in the
case of BN nanotubes. Thus, the symmetry analysis of Sect. 5.4 can be understood in
a pictorial way. Figure 19a demonstrates the scenario for (n, 0) zigzag nanotubes. The
sheet is rolled up such that the tube-axis is parallel to the translation vector 77 whose
lengths corresponds to the lengths of the 1D unit cell of the tube. The component

K of the phonon wave vector K which points into the circumferential direction of
the tube is quantized. For zigzag nanotubes, this means that in reciprocal space, K,

3The fact that for zigzag and chiral tubes, the IR-active modes are a subset of the Raman-active
modes is different in BN tubes and C tubes and is due to the reduced symmetry (= less strict selec-
tion rules) for BN tubes. In carbon tubes, only the set of IR-active modes of chiral tubes partially
overlaps with the set of Raman-active modes [96]. For zigzag and armchair C tubes, the sets of
Raman- and IR-active modes are disjoint.
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Fig. 19 Sketch of the zone-folding method (a) for (n, 0) zigzag nanotubes, (b) for (n, n) armchair
nanotubes, and (c¢) for (4n, n) chiral nanotubes. Left side: A hexagonal BN sheet is rolled in per-
pendicular direction to the primitive translation vector 7 The component K* of the phonon
wave vector in circumferential direction is quantized. Right side: For zigzag nanotubes, the quan-
tization of the circumferential momentum corresponds to 2n steps along the line ' - K — M in
the2D Brillouin zone of the sheet - K — I'. In armchair nanotubes, 2n discrete steps are taken
along the line I' &> M — I', while in chiral tubes the discretization proceeds along a line connect-
ing more distant I'-points. The points at and close to I" give rise to the Raman- and IR-active A,
E,, and E, modes (reprinted with permission from [76], copyright (2003) by the American
Physical Society)

can assume 2n discrete values (U =0, ..., 2n—1) along the lineI' - K - M - K
— TI'. The parallel component K| is unrestricted. However, the Raman- and
IR-active modes are modes at the I"-point of the 1D Brillouin zone of the tube and
correspond thus to K| = 0. Since the points at (4 and 2n—u are equivalent in recip-
rocal space, all modes of the tube are doubly degenerate, except for the mode that
corresponds to i = 0 (the I'-point of the sheet) and the mode that corresponds to u
= n (the M-point of the sheet). If one applies the strict selection rules according to
the C, symmetry group, the modes of the sheet at I' map onto tube modes with A
symmetry, the modes at M map onto modes of B symmetry and the modes at i =
1, ..., n—1 map onto modes of symmetry E,, ..., E_[1]. Since there are six different
phonon branches in the sheet, there are six different phonon modes in the tube for
each of the above symmetries. Each of the six phonon branches leads to (n + 1)
different phonon modes in the tube, (n—1) E modes, one A mode, and one B mode.
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Fig. 20 Sketch of high frequency A modes in a BN zigzag tube: (a) radial buckling (R) mode, (b)
bond-stretching or longitudinal (L) mode, (¢) bond-bending or tangential (T) mode (reprinted with
permission from [76], copyright (2003) by the American Physical Society)

Since the E modes are doubly degenerate, this sums up to 12z phonon modes cor-
responding to the 4n atoms in the unit cell of a zigzag tube.

Figures 16 and 20 demonstrate the mapping of the three optical modes of the
sheet at I onto the corresponding A modes of the tube. The out-of-plane optical
(Z0O) modes of the sheet lead to radial (R) “buckling” modes of the tube where all
Boron atoms move inward/outward at the same time and all Nitrogen atoms move
outward/inward, giving rise to an oscillation of the buckling amplitude in the tube.
The transverse optical (TO) mode of the sheet maps onto a longitudinal (L) mode
of the tube and, accordingly, the longitudinal optical (LO) mode of the sheet maps
onto a transverse or tangential (T) mode of the tube. In the A modes, all atoms along
the circumference move in phase (corresponding to K, =0). In the modes of E,
symmetry, there are 2i nodes along the circumference (i nodal planes containing
the symmetry axis of the tube). The B modes contain 2n nodes along the circumfer-
ence which means that a rotation by ¢/2 (with the proper translation along the tube
axis) maps the mode onto its negative. In other words, for the B modes, neighboring
“columns” of atoms oscillate with a phase difference of 7.

The points in the Brillouin zone of the sheet that give rise to the Raman and IR
active A, E|, and E, modes are denoted in Fig. 19. They are the points at and close
to I'. With larger tube diameter (increasing n), the points giving rise to the £, and
E, modes converge toward the I'-point of the BN sheet. Therefore, as a first check
on the frequencies of active modes of larger diameter tubes, it is sufficient to look
at the frequencies at the I'-point of the sheet. The frequencies of modes that cor-
respond to the acoustic branches of the sheet converge accordingly to zero for large
diameters. Note that not all of the A, E, and E, modes may be Raman active,
because one still has to distinguish between the different “subsymmetries.” For
example, the TO mode of the sheet at I' (see Fig. 16b) folds into a tube mode of A,
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symmetry (see Fig. 20b) and is thus Raman active, whereas the LO mode of the
sheet at I" (see Fig. 16¢) folds into a mode of A, symmetry (see Fig. 20c) which
changes sign under reflection at a plane that contains the symmetry axis of the
tube.

The zone folding for armchair tubes works in an analogous way to the zone fold-
ing for zigzag tubes (see Fig. 19b). The only difference is that the active modes of
the tube correspond to a discrete set of modes along the line I' - M — I in the
reciprocal space of the sheet.

Finally, Fig. 19c¢ illustrates the zone folding for a general chiral nanotube. In the
example, we have chosen a (4n, n) tube with a relatively short primitive translation
vector T . As in the case of armchair and zigzag tubes, the quantization of the cir-
cumferential phonon wave vector corresponds in the reciprocal space of the sheet
to a discrete set of modes along a line I' — M — I'. However, the line does not connect
nearest or next-nearest I'-points but connects I'-points further apart (with the
distance depending on the chirality of the tube).

5.6 Diameter Dependence of Raman- and IR-Active Modes

In this section, we present the results of ab initio calculations of selected zigzag,
chiral, and armchair tubes [76] and compare with the results obtained by zone
folding the ab initio dispersion relation of the single sheet. Figure 21 displays the
frequencies of the Raman- and IR-active modes of the three types of tubes as a
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Fig. 21 Frequencies of Raman- and IR-active modes in BN nanotubes as a function of tube
diameter: comparison of ab initio values (symbols) with zone-folding method (/ines). The shape
of the symbols denotes the symmetry of the modes (see legend). Black filling marks modes which are
Raman active only. White filling stands for IR active only. Gray filling stands for modes which
are both Raman and IR active. R, L, T marks the radial, longitudinal, and tangential high-fre-
quency modes (as in Fig. 20) (reprinted with permission from [76], copyright (2003) by the
American Physical Society)
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function of the tube diameter D. The ab initio values are plotted as symbols, while
the zone-folding values are connected by lines in order to guide the eye and extrap-
olate to larger tube diameters. Three frequency regimes are easily distinguishable:

1. The low frequency modes whose frequencies approach zero for D — oo are the
modes that are derived from the acoustic branches of the sheet.

2. The three modes that approach w = 818 cm™ for D — o are radial (R) modes
(see Fig. 20a) which are related to the optical out-of-plane (ZO) modes (Fig. 16a)
in the dispersion relation of the sheet (Fig. 15).

3. The high frequency regime above 1,200 cm™ consists of longitudinal (L) and
transverse (T) modes (Fig. 20b, ¢) which are zone-folded TO and LO modes of
the sheet (Fig. 16b, c).

We discuss at first the three different frequency regimes separately in the case
of the zigzag tubes (left panel of Fig. 21). Afterward, we extend the discussion to
the chiral and armchair tubes.

Figure 22 is a double-logarithmic plot of the low frequency modes in the zigzag
nanotubes. For the RBM (marked by asterisks), we have also included the values
of chiral and armchair tubes. From phonon calculations in C nanotubes, it is well
known that the RBM is inversely proportional to the tube diameter [98]: w,,, o 1/D.
The same holds for BN nanotubes. In fact, not only the RBM, but also most of the
low frequency modes display the same 1/D scaling. This can be easily understood
from the phonon dispersion of the sheet (Fig. 15) in combination with the zone-
folding procedure in Fig. 19: The LA and TA branches of the sheet have a linear
slope at the I'-point. The distance between the I'-point and the points that map onto
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Fig. 22 Double-logarithmic plot of the low phonon frequencies in the BN zigzag tubes. The
dashed lines are least square fits to the form A/D* for the lowest E, mode and to the form A/D for
all other modes. The fit has been performed on the diameter interval between 6 and 14 A (reprinted
with permission from [76], copyright (2003) by the American Physical Society)
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the E, and E, modes in Fig. 19 is proportional to 1/N (with N being the number of
hexagons in the tube unit cell) and hence proportional to 1/D. Hence, all the low
frequency modes in the tubes that are folded from the LA and TA branches of the
sheet exhibit the 1/D scaling. Only the frequency of the lowest £, mode in Fig. 22
displays a 1/D? proportionality[87]. This is because it is folded from the ZA mode
of the sheet which does not increase linearly but quadratically around the I'-point
[97]. For small diameter, the phonon modes deviate from the functional form A/D
or A/D?, because the linear/quadratic behavior in the acoustic branches of the sheet
ceases to be valid further away from the I"-point. Only the RBM follows the func-
tional behavior A/D down to very low radius. While the RBM cannot be obtained
from zone folding of an infinite sheet, it is related to the in-plane stretching mode
of a sheet of finite width [76] and the functional A/D behavior can be proven ana-
lytically [98].

The power law fit of the RBM scaling in Fig. 22 yields a scaling constant A
= 2,060 = 2 cm™ A and may be used for the diameter determination in Raman
characterization of BN tubes. As is the general trend of phonons in BN as compared
to carbon, this value is considerably lower than the corresponding ab initio value
A.= 2,288 cm™! A for the RBM in carbon nanotubes [87, 99]. Since the other low
frequencies modes with the 1/D scaling may be used as well for the radius determi-
nation, we list in Table 1 the corresponding scaling constants.

We discuss now the radial phonon modes in the intermediate frequency regime
around 800 cm™ [see, e.g., panel (a) of Fig. 21]. According to the zone-folding
picture, the A mode should be diameter independent and have the constant fre-
quency of 818 cm™. Indeed, the ab initio values lie almost exactly on this line. The
E, branch is the nearest neighbor in frequency of the A mode and the E, branch is
the next nearest neighbor, because in the zone-folding picture (Fig. 19), the E, and
E, modes derive from the points close to the I'-point of the sheet. Since in the dis-
persion relation of the BN sheet (Fig. 15), the ZO branch approaches the I'-point
from below, the radial E ' and E, modes both have lower frequencies than the cor-
responding A mode. At small diameters, the ab initio values lie below the zone-
folding curves due to bond weakening introduced by curvature effects.

The L and T modes of the high-frequency branch converge toward the asymp-
totic value w = 1,380 cm™ for D — oo . In the zone-folding picture, the E, and E,
L modes approach this value from below since in the dispersion relation of the sheet
(Fig. 15), the corresponding TO branch from which these modes are derived

Table 1 First principle determination of scaling constants
for the A/D dependence of the low-frequency modes as a
function of the tube diameter D

Mode symmetry A (cm A)
E (L) 1,296
A (RBM) 2,060
E, (L) 2,560
E (T) 2,808

E, (T) 4232
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approach the I'-point from below. The LO branch, in contrast, displays a strong
over-bending which leads to the nonmonotonic diameter scaling of the £, (T) and
E, (T) modes in Fig. 21. The ab initio values follow the general trend of the zone-
folding curves. However, all high-frequency T and L modes, even the A modes
which should be diameter independent, experience a strong down-shift for small
diameter. This general trend is also observed for the C nanotubes [87] and can be
attributed to curvature effects. The E, (T) mode displays the nonmonotonic behav-
ior which is predicted by zone folding, but due to the curvature-induced softening
at small radius, it reaches the maximum at a larger diameter than the zone-folding
curve. The E, (T) mode displays a similar behavior. It reaches its maximum at a
larger diameter than the E, (T) mode and ultimately converges toward the asymp-
totic value of 1,380 cm™.

The scaling of the phonon frequencies with the tube diameter is very similar for
zigzag, chiral, and armchair tubes as can be seen from comparing the three panels
of Fig. 21. In the case of the chiral tubes, the zone-folding lines of the low-frequency
L modes and — to a lesser extent — the ones of the low-frequency T modes display
a zigzag pattern. We have calculated all chiral nanotubes in the diameter range
between 3 and 20 A and connected the discrete points by lines in order to guide the
eye. For large diameter, the frequencies of the low frequency modes follow the
same scaling as given in Table 1 for the zigzag tubes. This is because the slope of
the acoustic branches of the sheet at I'" is independent of the direction in the
Brillouin zone (corresponding to an isotropic sound velocity in all directions). Only
at smaller diameter, corresponding to larger distance from the I'-point in the disper-
sion relation of the sheet where the LA and TA modes deviate from the linear
behavior, the frequency clearly depends on the chiral angle. The slopes of the zig-
zag and of the armchair curves are the limiting cases. For example, the zone-folding
curve of the E, (T) mode reaches a value of 1,000 cm™ at D =3 A for the zigzag
tubes and a value of 1,100 cm™ for the armchair tubes.

In Fig. 21, only Raman- or IR-active modes are shown. This leads to a different
number of displayed values in the three different panels. The fact that for zigzag
and chiral tubes, the IR-active modes are a subset of the Raman-active modes while
for armchair tubes the two sets are disjoint, should help in the experimental identi-
fication of the ratio of different chiralities in a macroscopic tube sample. In particu-
lar, the RBM can be detected both by Raman and IR spectroscopy in zigzag and
chiral tubes, while in the case of armchair tubes, it should only appear in the Raman
spectrum. Of course, an exact theoretical calculation of the chirality dependence of
IR and Raman intensities is desirable for this purpose.

5.7 Raman Intensities

So far, we have discussed only the position of the peaks in the Raman spectra. The
positions are given by the frequencies w of the Raman-active modes v with null
wave vector. Raman scattering in BNNTSs takes place in the nonresonant regime,
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because the optical-gap of BNNTSs exceeds the photon energies of lasers in the vis-
ible and near UV-range. The intensities for nonresonant Raman scattering, /', can
be written within the Placzek approximation [100] as

21
I oc|ei~A" -es| —, +1). (12)

Here ¢, (e) is the polarization of the incident (scattered) light and
n, = [exp(hw, / k,T)—1]" with T being the temperature. The Raman tensor A" is

ZB"Y r (13)
Y

where wy, is the kth Cartesian component of atom 7 of the vth orthonormal vibra-
tional eigenvector and Myis the atomic mass.
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where ¢ is the total energy of the unit cell, E is a uniform electric field, and i,
are atomic displacements. This is equivalent to the change of the electronic polar-
izability of a unit cell, o; = Qxyl], (where €2 is the unit cell volume and . the
electric susceptibility) upon the displacement Uy The derivative tensor B;V can
either be calculated approximately from a bond-polarizability model [72, 101] or
can be calculated ab initio with an extension of density-functional perturbation
theory [102].

We show in the following the ab initio Raman spectra [101] for the (9,0),
(13,0), and (16,0) zigzag BN nanotubes and for the (10,10) armchair tube (Fig.
23). The latter two have diameters (12.8 A and 13.8 A) in the range of experi-
mentally produced BN tubes. The dominant peak (besides the low frequency E,
(R) which is close to zero and thus hardly measurable) is the A peak at about
1,370 cm™'. Note that for zigzag tubes this mode corresponds to a transverse (T)
vibration of the atoms while for armchair tubes it corresponds to a longitudinal
(L) vibration. Depending on the chirality of the tube, the dominant peak can
have a side peak on the lower frequency side. With increasing diameter, this
side-peak rapidly merges into the main-peak but remains visible as a shoulder.
About 120 cm™" above the main peak, The E, (T) mode gives a small contribu-
tion to the spectrum. For chiral tubes, its intensity is reduced and becomes zero
for armchair tubes. If Raman spectra of isolated single-walled BN tubes ever
become available (due to the nonresonant character of the spectra, the intensity
is very low), the intensity of this peak with respect to the intensity of the main
peak can be taken as a measure of the tube chirality. The A, mode at 810 cm™
is the radial buckling mode. Its intensity decreases with increasing diameter.
Therefore, it is not clear if it is detectable. In the low frequency regime, the
RBM plays the dominant role and is a good measure for the radius of the tube
(just as in the case of carbon nanotubes).
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Fig. 23 Calculated Raman intensities for (a) three different zigzag BNNTs and (b) the (10,10)
armchair BNNT. The spectra are plotted with a full-width at half-maximum (FWHM) of 10 cm™".
Modified from [101], copyright (2005) by the American Physical Society

5.8 Experimental Results on Raman and IR Spectroscopy

5.8.1 Experimental Raman Spectra

The essential test on the performance of Raman spectroscopy for the characteriza-
tion of BN nanotubes is the comparison of the spectra of nanotube samples with the
spectra of crystalline h-BN. At high frequency, bulk h-BN displays a single Raman
line due to the E, LO/TO mode. (This mode does not display an LO-TO splitting,
contrary to the IR active £, mode which has almost the same frequency). Originally,
its frequency was measured at 1,370 cm™' [82]. However, later Nemanich et al. [83]
showed that this mode depends sensitively on the domain size in polycrystalline
samples: the finite domain size leads to an uncertainty for the phonon wave vector
¢. This leads to a superposition of the bulk £, mode with g averaged over a region
in the first Brillouin zone around I'. Since the E, LO mode displays a strong over-
bending, the resulting Raman peak not only broadened but also shifted toward
higher frequency [83]. Nemanich et al. extrapolated the value of the infinite crystal
as 1,366 cm™!. Recently, the E, LO/TO mode was measured at 1,364 cm' [84]. The
domain-size dependence of the Raman spectra needs to be taken into account when
one analyzes the Raman spectra of nanotube raw-products that may contain both
nanotubes and microcrystallites of h-BN at the same time.

Before we discuss the measured Raman spectra of multi- and single-walled BN
nanotubes, we would like to point out a further important detail in the theoretical
calculations of frequencies of the E, mode in bulk h-BN and of the E, mode in the
sheet: The value for the bulk is 3.8 cm™ lower than the value for the sheet [103].
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This lower frequency is related to an increase of the calculated in-plane lattice
constant which is 4.718 a.u. for bulk h-BN and 4.714 a.u. for the single sheet. The
difference stems from the — small but nonnegligible — interaction of neighboring
sheets in bulk h-BN. The interaction leads to a small elongation of the B-N
bondlength and consequently a softening of the phonons.

The Raman spectra of multiwall tubes (with 2-8 walls and an average outer
diameter of 8 nm) were measured by Wu et al. [54]. They measured the bulk E,
peak at 1,366 cm™! (corresponding to the limit of infinite size crystallites) and found
an upshift of 2.1 cm™ with respect to this value for the BNNT sample. [Note that
IR spectra on multiwalled tubes have also displayed an upshift of the £, mode with
respect to the bulk value [71] (see below).] Wu et al. took the tube diameter as a
measure for the “crystal size” and used the theory of Nemanich et al. [83] to explain
the upshift of the Raman peak. It is not clear if this argument is admissible, since
the phonon calculations for (single-wall) nanotubes shows unanimously a softening
of the dominant Raman peak with respect to the phonon value of the infinite sheet
[72, 75, 76]. An alternative explanation may be given by the increased interlayer
distance and the noncommensurate stacking in multiwall tubes. Both effects reduce
the interlayer interaction and may explain why the E, mode in multiwalled tubes
displays a similar upshift as the isolated sheet.

For single-walled nanotubes (with an average diameter of 2 nm), an upshift of
5 cm™ with respect to the bulk E, frequency has been measured [103] (see Fig. 17
in Chapter Heteroatomic Single-Wall Nanotubes made of Boron, Carbon and
Nitrogen). To understand this upshift, we compare with ab initio calculations of the
phonon frequencies of nanotubes and bulk h-BN. Figure 24 shows the convergence
of the A, mode in zigzag nanotubes toward the E, mode of the single sheet. A fit
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Fig. 24 Calculated frequencies of the Raman-active optical A, mode for different (n, 0) zigzag
BN nanotubes (symbols). The solid line is a fit (see text) that describes the convergence of the
mode frequency with increasing tube diameter toward the value for the isolated sheet (reprinted
with permission from [103], copyright (2006) by the American Chemical Society)
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of the calculated tube frequencies as a function of the diameter d yields
o(d) = 0y —1,268.3/d** cm™ with d given in A [72]. This functional form is
also displayed in Fig. 24. For the tubes with average diameter of 2 nm, the A, mode
frequency is just 1.3 cm™ below the value for the sheet and thus 2.5 cm™ above the
value of the bulk. While ab initio calculations using DFT cannot reproduce properly
the van der Waals part of the interactions between the layers, they nevertheless give
a qualitative indication of the origin of the Raman peak shift in single- and multi-
wall tube samples (as already proven for the case of interlayer modes in hexagonal
BN including exchange-correlation effects on the level of GW which includes the
description of van der Waals interactions [86]).

5.8.2 IR Spectra

IR spectroscopy on bulk h-BN [82] yielded the TO E, mode at 1,367 cm™" and the
LO E,, mode at 1,610 cm™. The latter one is shifted due to the coupling with the
electric field of the laser. Furthermore, the ZO A, mode (which also couples to the
electric field) was measured at 783 cm™.

Relatively little is known on the IR spectra of BN tubes. IR measurements of
single-wall BN tubes have so far be impeded by the presence of boric acid in the
sample which dominated the IR absorption spectrum [103]. Experimental IR data
is available, however, for samples of multiwalled BN tubes (2-10 walls, diameter:
30 + 10 A) [71]: Absorption peaks were measured at 800 and at 1,372 cm™" with a
shoulder at 1,540 cm™'. At the same time, for polycrystalline h-BN, they measured
peaks at 811 cm™ and at 1,377 cm™ with a shoulder at 1,514 cm™'. The interpreta-
tion of both results is not straightforward, because in finite-size samples of polar
materials, the induced electric field depends not only on the direction of light
propagation but also on the boundary conditions at the surface of the sample [104],
i.e., the sample geometry. Furthermore, the dielectric properties of the surrounding
medium (KBr pellets) can play a role. Both effects strongly influence the position
of the A, mode and the LO E| mode. The upshift of the TO E, mode in the poly-
crystalline sample with respect to the bulk sample is due to the finite size of the
crystal domains [83]. The upshift by 5 cm™ of the TO E, mode in the multiwall
tubes with respect to the bulk stems probably from the increased interwall distance
in multiwall tubes as compared to the bulk phase [71]. This upshift corresponds to
a similar upshift (of 2.1 cm™) in the Raman spectra of BN multiwall nanotubes [54]
(see above).

6 Summary and Conclusions

In this chapter, we have reviewed the spectroscopic properties of BN nanotubes
covering the basic principles of electronic and vibrational excitations from the theo-
retical view point. Comparing the electronic properties of BN and C nanotubes, the
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most striking difference between the two classes of tubes is the constancy of the
quasiparticle gap for BN tubes. The bandgap constancy may be of importance for
technological applications because samples containing many different sizes could
be grown with predictable electronic properties. Applications as field-emission
devices have been envisioned and a first prototype field-effect transistor has been
constructed [9].

The optical spectra of BN nanotubes — as well as the spectrum of bulk h-BN and
of a single sheet of BN — are dominated by a strongly bound exciton that collects
most of the oscillator strength in the spectrum. The binding energy of this exciton
increases strongly as the dimensionality is reduced from the 3D bulk over the 2D
sheet to the 1D tubes. At the same time, however, the quasiparticle gap increases
and the resulting spectra thus display an almost constant “optical gap.” Due to the
similarity in the spectra of the tubes and bulk BN, we expect the tubes to exhibit
strong UV lasing behavior as already observed for bulk BN [10]. The fact that this
luminescence response would be rather insensitive to tube diameter and chirality
makes the BN tubes ideal candidates for optical devices in the UV regime as the
carbon nanotubes are in the IR regime [105]. The photoluminescence quantum
yield of BN tubes should surpass the efficiency of carbon. Furthermore we have
shown how defects control the luminescence and the impact of an external electric
field perpendicular to the tube axis: While the gap decreases as a function of the
electric field strength, the optical spectra of BN nanotubes are quite robust to the
application of external fields. On the contrary, an external field affects the defect
energy levels due to impurities. These defects gives rise to strong luminescence
within the gap, in particular in the visible region, as well as modification of the
shape of the main absorption peak. Therefore, an external electric field can be used
as tool to discriminate the photoemission due to exciton recombination in pure
systems with respect to the one due to defects. BN nanotubes may thus be very
good candidates for tunable nanoscale optoelectronic devices in the UV regime and
below.

The flexibility of composite nanotubes during bending in a wide range of practi-
cal conditions shows substantial promise for structural, fiber applications (the
“ultimate” lightweight-high-strength flexible and quite inert fiber) and nanotube-
reinforced materials. This is due to the remarkable flexibility of the hexagonal
network, which resists bond breaking and bond switching up to very high strain
values. The lattice dynamics of BN tubes is similar to that of carbon nanotubes. The
most important difference is the polarity of the system which leads to softer bonds
and lower phonon frequencies. Furthermore, the lower symmetry of BN tubes gives
rise to a higher number of Raman- and IR-active modes than in C tubes. As in the
case of carbon nanotubes, the lattice dynamics of BN nanotubes can be explained
to a large extent by the zone-folding method. The strong overbending of the LO
branch of the single sheet is responsible for the strongly nonmonotonic diameter
scaling of the transverse high-frequency modes in the tubes. Combined study of BN
tubes by Raman and IR spectroscopy can serve to distinguish armchair tubes, where
IR- and Raman-active modes are disjoint, from chiral and zigzag tubes, where the
IR-active modes are a subset of the Raman-active modes. In particular, the RBM is
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both Raman and IR active for chiral and zigzag tubes but only Raman active for
armchair nanotubes.

Improvements in the synthesis of BN nanotubes and their unique electronic
properties (luminescence, inertness, piezoelectricity, field emission, robustness,
etc.) make them ideal candidates to confront — together with carbon nanotubes — the
future of real active components in nanoelectronic devices.
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Boron Nitride Nanocage Clusters, Nanotubes,
Nanohorns, Nanoparticles, and Nanocapsules
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Abstract Various types of boron nitride (BN) nanostructured materials such as
nanocage clusters, nanotubes, nanohorns, nanoparticles, and nanocapsules were
synthesized by arc melting, thermal annealing, and chemical vapor deposition
methods, which were characterized by high-resolution electron microscopy and
molecular orbital calculations, and their properties were discussed. The BN clusters
consisted of 4-, 6-, 8- and 10-membered BN rings satisfying the isolated tetragonal
rule, which was optimized by molecular orbital calculations. Total energy calcula-
tion showed that some elements stabilize and expand the B, N, structure. Bandgap
energies of the B, N, clusters were found to be reduced by introducing a metal atom
inside the cluster, which indicates controllability of the energy gap. Chiralities of
BN nanotubes with zigzag- and armchair-type structures were directly determined
from high-resolution images, and structure models are proposed. Total energies of
BN nanotubes with a zigzag-type structure were lower than those of armchair-type
structure, and these results agreed well with the experimental data. Cup-stacked BN
nanotubes and Fe-filled BN nanotubes were also produced, and the atomic struc-
tures, structural stability, and electronic property were investigated and discussed.
BN nanohorns were synthesized, and multiwalled BN nanohorns would be stabi-
lized by stacking of BN nanohorns. Formation and structures of multiply twinned
nanoparticles with fivefold symmetry in chemical vapor-deposited BN were also
investigated. A new process for Fe or Co nanoparticles coated with BN layers in
large quantity was developed, and they exhibited a soft magnetic characteristic and
good oxidation resistances. These unique structures would be suitable materials for
nanoelectronics devices, magnetic recording media, and biological sensors with
excellent protection against oxidation and wear. Possibility of hydrogen gas stor-
age in BN clusters was also investigated by molecular orbital calculations, which
indicated possibility of hydrogen storage of ~5 wt%. The new BN nanostructured
materials would be expected as future nanocale devices.
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1 Introduction

Since the development of boron nitride (BN) nanotubes [1], various types of BN
nanostructured materials have been reported because of the great potential for using
materials with low dimensions in an isolated environment. Many studies have been
reported on BN nanomaterials and single crystals such as nanotubes [2—11], bun-
dled tubes [12, 13], nanocorns [14—16], nanohorns [17-21], nanocapsules [7,
22-28], nanoparticles [29, 30], BN clusters [7, 18, 32-35], and BN metallofuller-
enes [18, 21, 36, 37], which are expected to be useful as electronic devices [38],
field-effect transistors [39], high heat-resistant semiconductors, insulator lubri-
cants, nanowires [40, 41], magnetic nanoparticles [42, 43], gas storage materials
[44—47], and optoelectronic applications including ultraviolet light emitters [48,
49]. Theoretical calculations on BN nanomaterials such as nanotubes [50-55],
cluster-included nanotubes [56-59], BN clusters [60-76], BN metallofullerenes
[77-79], cluster solids [80—82], nanohorns [83, 84], and hydrogen storage [85-89]
have also been carried out for prediction of the properties. By controlling the size,
layer numbers, helicity, compositions, and included clusters, these cluster-included
BN nanocage structures with bandgap energy of ~6 eV [48, 49] and nonmagnetism
are expected to show various electronic, optical, and magnetic properties as shown
in Fig. 1. The differences between BN and carbon nanomaterials [90, 91] are
summarized as shown in Table 1.

The present review shows BN nanocage clusters, nanotubes, nanohorns, nano-
particles, and nanocapsules synthesized by arc melting, thermal annealing, and

©@
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Quantum size effect Clusters ;
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Cluster protection
Superparamagnetism
Luminescence

Insulator
Chemical Inertness
Eg — chirality, diameter High-T stability Coulomb blockade
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Fig. 1 Structures and properties of BN nanostructured materials
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Table 1 Differences between BN and carbon (C) nanomaterials

C BN
Structure 5-, 6-, 7-membered rings 4-, 6-, 8-membered rings
Oxidation resistance ~600°C ~900°C
Electronic property (Eg) Metal-semiconductor (0~1.7 Insulator (~6 eV)
eV)
Band structure Indirect transition Direct transition

chemical vapor deposition methods. They were characterized by high-resolution
electron microscopy (HREM), and their properties were investigated and discussed.
In order to confirm the atomic structures and to investigate stabilities, electronic
states, and hydrogen storage, total energy calculations were carried out by molecu-
lar mechanics and molecular orbital calculations. These studies will give us a
guideline for the synthesis of the BN fullerene materials, which are expected for the
future nanoscale devices.

2 BN Clusters

In order to prepare BN nanocage clusters, an arc-melting method was selected. An
yttrium (Y) element was selected as catalysis for the BN cluster formation. Yttrium
had been reported to show excellent catalytic properties for producing single-
walled carbon nanotubes [92]. The YB_ powder was used for the formation of BN
clusters [93]. BN nanotubes were also synthesized from YB, with Ni powder [94,
95]. The YB, and Ni powders with the atomic ratio of 1:1 were set on a copper
mold in an electric-arc furnace, which was evacuated down to 1 x 103 Pa. After
introducing a mixed gas of Ar and N,, arc melting was applied to the samples at an
accelerating voltage of 200 V and an arc current of 125 A for 10 s. Arc melting was
performed with a vacuum arc-melting furnace, and gray to white powder were
obtained around the copper mold.

An AXIMA-CFR (Shimadzu/Kratos, Manchester, UK) instrument was used to
obtain laser desorption time-of-flight (LD-TOF) mass spectra [96]. The operating
conditions were as follows: nitrogen laser (337 nm); linear mode; accelerating volt-
age at 20 kV; and detection of positive ions. The sample powder (50 mg) was sus-
pended in pyridine (C,H,N, 200 ml) with ultrasonication. The aliquot (1-2 ml) was
spotted on the sample plate and dried at room temperature. The mass spectra were
corrected by using C_ and C, clusters [97].

Figure 2a shows a mass spectrum for BN clusters in pyridine solution, and
demonstrates the existence of (BN)n (n = 12-60) clusters [32, 93]. In addition,
(BN)n (n = ~80) clusters were detected in the present work. Further, endohedral BN
clusters [Y @(BN), | with yttrium atoms encapsulated inside the BN clusters were
detected. A mass spectrum for pyridine solution, which was used for matrix in
LD-TOF mass spectrometry, is also shown for reference in Fig. 2b. The mass
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LD-TOF mass spectra for B, N, cluster

247 24

spectrum peaks have a somewhat broad distribution because of the two isotopes of
VB and "B. For localized structures of BN clusters, it should be noted that the
isotopic ratio of boron atoms might be different from the natural averaged ratio
because of minimization of the clusters’ structural energy. Mass spectrum peaks for
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(BN)n clusters are observed in the range of m/z = 600-1,600, and the distribution
peak is around n~40, which supports previously reported B, N, clusters with high
symmetry [7, 18, 65]. Figure 2c shows an enlarged mass spectrum for B, N, clus-
ters, and demonstrates the existence of '’B,, ''B "“N,, (x = 1-6) clusters. The mass
spectrum peaks have a somewhat broad distribution because of the two isotopes of
1B and !'B. Peaks of the cluster distribution are observed around x values of 3-5.
For localized structures of BN clusters, it should be noted that the isotopic ratio of
boron atoms might be different from the natural averaged ratio ('’B:"'B = 19.9:80.1)
because of the minimization of the clusters structural energy.

Although fullerenes satisfy the isolated pentagon rule, the present BN cage clus-
ters satisfy the isolated tetragonal rule, as proposed for structural models of (BN),
(n=12, 24, 28, 36, 48, and 60) in Fig. 3. All BN clusters have tetragonal BN rings

Fig. 3 Atomic structure models of (a) B, N , (b) B,N_, (¢) B,N_, (d) B, N., (e) B, N, , and

1277122 247 247 28" 287 367 367 48" 48”

(f) B, N, clusters viewed along hexagonal BN rings. Tetragonal BN rings are indicated by star

marks
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isolated by hexagonal-BN (h-BN) rings. In addition to the tetragonal and hexagonal
rings, octagonal and decagonal BN rings [80] were introduced for B, N,, and
BN, clusters in the present work.

In order to confirm the structure of the BN clusters, HREM observations were
carried out. Hollow BN clusters were often observed on and inside the BN nano-
tubes, and the BN fullerene clusters had a single BN sheet, as shown in Fig. 4a.
Sizes of the BN clusters were in the range of 0.7-1.0 nm, which corresponds to the
size of B, N, clusters [36, 93]. The B, N, cluster consists of 6 four-membered
rings and 32 six-membered rings as shown in Fig. 4d. In addition to the empty BN
cage clusters, BN clusters containing doped atoms were also observed in HREM

images. A typical HREM image of the BN clusters is shown in Fig. 4b, c, and a ring
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Fig. 4 HREM images of (a) B,\N, and (b, ¢) Y@B, N, clusters. Structure models of (d) B, )N,
and (e, f) Y@B, N, clusters corresponding to (a) and (b, ¢), respectively. The structure model (e)
is viewed perpendicular to (f). Calculated HREM images of (g) B, N, and (h, i) Y@B, N, clus-
ters as a function of defocus values along the same directions of (d-f), respectively
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contrast indicates B, N, cluster. A dark contrast is observed inside the BN clusters,
which indicates the existence of an yttrium atom inside the B, N, clusters. During
arc melting of YB, powder, yttrium atoms could be introduced inside the B, N,

clusters [93]. Structure models for Y@B, N,  metallofullerene are proposed as
shown in Fig. 4e, f. The structures are optimized by molecular mechanics calcula-
tions (MM2), and the yttrium atom is closed to the center of the B, N, cluster. Dark
contrast is also observed outside of the BN cluster, which would be due to the
quantum noise of electrons. However, inside the BN cluster, the contrast is strongly
dependent on the diffraction conditions [36, 98, 99]. Therefore, the dark contrast
inside the BN clusters is believed to be due to the existence of an yttrium atom.
To compare observed images with calculated ones, HREM images were calculated
by the multislice method using the MacTempas software (Total Resolution, CA,
USA). The parameters used in the calculations are as follows: accelerating voltage =
300 kV, radius of the objective aperture = 5.9 nm™!, spherical aberration Cs = 0.6 mm,
spread of focus A = 8 nm, semiangle of divergence a = 0.55 mrad, under defocus
values Af = —10 to 90 nm, unit cell (one cluster) = 2 x 2 x 2 nm, crystal thickness
(unit-cell thickness, 7 slices) = 2 nm and 5 nm, respectively, space group P/, and
assumed temperature factors [100, 101] 0.02 nm? (B and N) and 0.14 nm? (Y).
Based on the projected structure models of Fig. 4d-f, image calculations on the
B, )N, and Y@B, N, clusters were carried out to investigate the cluster structures.

HREM images of the B, N, and Y@B, N, clusters calculated along the [100]
direction of the projected unit cell as a function of defocus values are shown in Fig.
4g-i. The experimental images of Fig. 4a-c agree with calculated HREM images
(Fig. 4g-1), especially at defocus value of —40 nm, which is nearly Scherzer defocus
(Af, =—41.2 nm). This indicates the yttrium atom is included inside the BN cluster.
The dark contrast corresponding to the yttrium atom inside the B, N, cluster is
smeared a little compared to the simulated image, which would be due to the vibra-
tion of the yttrium atom by electron beam irradiation. The formation of BN endo-
hedral fullerene clusters including lanthanum and iron atoms has been previously
reported [36]. For the present data, the endohedral BN metallofullerenes of Y@
BnNn (n = 36, 37, and 48) were produced and characterized from HREM and
LD-TOF mass spectrometry. Various lanthanide elements could be introduced into
the BN clusters, as reported in the carbon-based metallofullerenes [102].
Densities of states (DOS) for B, N, B, N, and BN, clusters are calculated
and shown in Fig. Sa—c, respectively. The energy levels and density of states were
calculated by the first principles calculation with discrete variational (DV)-Xa
method. Strong effects of B-2p and N-2p orbitals on the DOS are observed. The
structural optimization and electronic structures of the BN clusters performed by
molecular orbital calculations (PM5) are summarized in Table 2. The B, N, cluster
shows the largest energy gap of 5.367 eV between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), and the
B,,N,, and B, N clusters with octagonal and decagonal BN rings shows the small-

est energy gap of 4.9 eV. The B, N, and B N, clusters show the lowest total ener-

gies per atom as listed in Table 2, which agreed with the results of LD-TOF mass
spectroscopy in the range of m/z = 600-1,600.
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Figure 6 shows heat of formation (total energies) per atom of B, N, clusters

with doping element M (M@B, N_ ) clusters presented in periodic table [18, 78].

A total energy of B, N, was calculated to be —19.68 kcal/atom mol. Comparing

this value with the other total energies in Fig. 6, energies of K@B, N, and Ga@

B, N, show lower energies than that of B, N,  clusters. This indicates that potassium
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Table 2 Calculated values for BuNn (n = 12-60) clusters
B N B, N B, N B, N, B, N B _N

12 12 24 24 28 28 36 48~ 48 6060

Heat of formation (kcal/  -298.3 -8324 -1162.6 -1597.8 -2312.3 -2311.1
mol)

Heat of formation (kcal/ -12.4  -17.3 -20.8 =222 -24.1 -19.3
mol-atom)
Tetragonal BN rings 6 12 6 6 6 30
Hexagonal BN rings 8 8 24 32 52 20
Octagonal BN rings 0 6 0 0 0 0
Decagonal BN rings 0 0 0 0 0 12
BN, , (nm) - - - - - 0.1399
BN,,, (nm) - - - - - 0.1492
BN, , (nm) - 0.1425 - - - -
BN, , (nm) - 0.1503 - - - -
BN, , (nm) 0.1527 0.1529  0.1512 0.1509 0.1511 0.1532
BN, , (nm) 0.1462 - 0.1493 0.1487 0.1472 -
d_ . (nm) 0488  0.683 0.780 0.743 1.063 1.102
d . (nm) 0.488  0.682 0.647 0.882 0.862 1.102
om0 (€V) -3.123 -3.127 -2.993 -3.051 —2.983 —2.966
e om0 €Y) 1.957 1.818 2.230 2.316 2.221 1.944
Energy gap E_(eV) 5.080  4.945 5.222 5.367 5.205 4910

—, Data were not available

and gallium elements introduced inside the BN cluster stabilize the B, N, struc-
ture, and the B, N, clusters were found to be expanded by an atomic doping.
Several other elements also have higher energies than that of B, N, clusters. As
indicated by asterisks, when molybdenum and barium elements were introduced,
the structures of B, N, were highly distorted or broken.

Electronic structures of Y@B36N36, Fe@B%N36 and K@B36N36 clusters were
investigated as shown in Fig. 5d-f, respectively. DOS of endohedral M@B, N,
clusters show effect of doping elements in BN clusters. Energy gaps of B, N, , Y@
B, N, Fe@B%N%, and K@B36N36 clusters were calculated to be 5.367, 0.114,
0.107, and 0.522 eV, respectively. Reduction of bandgap energies for Y@B, N,
Fe@B36N36, and K@B%N36 are due to the Y4d, Fe3d, and K4s orbitals. The present
results indicate that the energy gap E, of the B, N, can be controlled by introducing
an atom inside the B, N, cluster, and that some atoms such as potassium or gallium
in the B, N, cluster might stabilize the BN clusters by doping [78].

The BN cluster is a molecule with polarity because of a positive charge at boron
atom positions and a negative charge at nitrogen atom positions; so an electrophilic
or nucleophilic reagent would work as a solution for BN clusters. Since C fuller-
ene clusters have no polarity and are soluble in nonpolar solvents such as toluene
[103] and benzene, they have difficulty in dissolving in a polar solvent. In the
present work, pyridine (C,H,N) did work well for the extraction of BN clusters
because of an electrophilic reaction; pyrrole (C,H,NH) would also work as a nucle-
ophilic reagent. In order to investigate these BN nanocage clusters further, separa-
tion technique using high performance liquid chromatography should also be
developed.
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Fig. 6 Heat of formation (kcal/mol) of endohedral M@B, N, clusters with doping element M.

Total Energy of B, N. per atom is —19.68 kcal/atom. Asterisks indicate B, N, structure was

highly distorted or broken

3 BN Nanotubes

A low magnification image of BN nanotubes produced from YB /Ni powder is
shown in Fig. 7a. The lengths and diameters of BN nanotubes are ~5 mm and 3-50
nm, respectively. A HREM image of a B, N,  cluster inside a BN nanotube is
shown in Fig. 7b [18]. The BN nanotube has a multiwalled structure, and a diameter
of the most inner tube is 1.75 nm. An atomic structure model of the center of Fig. 7b
is shown in Fig. 7c. Diameter and chirality of the BN nanotube are 1.747 nm and
(22, 0), respectively. This kind of peapod-type self-organized structure would be
useful for the nanoscale devices [104]. Another HREM image of BN nanotubes
with a bundled structure is shown in Fig. 7d, and an atomic structure model
observed from three different directions is shown in Fig. 7e. There are some spaces
among the BN nanotubes, and the space would be useful for gas storage such as
hydrogen.

Figure 8a is a HREM image of a quadruple-walled BN nanotube. In the present
work, all HREM images were taken close to the Scherzer defocus (AfS =-41.2 nm),
which is an optimum defocus value of electron microscope, in order to investigate
the atomic structures in detail. HREM observations and electron diffraction analysis
on BN nanotubes have been reported [105-108], and direct observations of nano-
tube chirality were tried in the present work. An enlarged HREM image is shown
in Fig. 8b, which indicates lattice fringes in the BN nanotubes [109, 110].
A filtered Fourier transform of Fig. 8b showed that this nanotube had a zigzag-type
structure as shown in Fig. 8c. A HREM image with clear contrast processed after
Fourier noise filtering is shown in Fig. 8d. The intervals of the bright and dark dots
are 0.14 nm, which corresponds to the structure of h-BN rings, as shown in Fig. 8e.
Layer intervals of each tube are 0.35 nm, as shown in Fig. 8f. Diameters of each
nanotube are 2.8, 3.5, 4.2, and 4.9 nm from the inside to outside.

Another HREM image of BN nanotube produced from YB, powder is shown in
Fig. 9a. Width of the multiwalled BN nanotube is 8.5 nm. The BN nanotube
consists of nine layers and has asymmetry layer arrangements. Layer distances are



Nanotubes, Nanohorns, Nanoparticles, and Nanocapsules 159

Fig. 7 (a) Low magnification image of BN nanotubes. (b) HREM image of B, N, cluster in BN
nanotube. (¢) Structure model of the center of (b). (d) HREM image of bundled BN nanotubes.
BN clusters are indicated by arrows. (e) Atomic structure model from three different directions
for bundled BN nanotubes

in the range of 0.34—0.51 nm, which is larger than that of {002} of ordinary h-BN
(0.34 nm). Diameters of the first and second internal nanotubes are 1.7 nm and 2.6
nm, respectively. Hexagonal net planes of BN nanotube are observed in an enlarged
image of Fig. 9b. Figure 9c is a filtered Fourier transform of Fig. 9b, which indi-
cates 002 and 100 reflections of BN structure. Inverse Fourier transform of Fig. 9c
is shown in Fig. 9d, which indicates the lattice fringes of hexagonal networks
clearly. A h-BN ring is shown in Fig. 9d, and the BN has an armchair-type
structure.
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Fig. 8 (a) HREM image of zigzag-type BN nanotube. (b) Enlarged HREM image of (a). (¢)
Filtered Fourier transform of (b). (d) Inverse Fourier transform of (c¢). Enlarged images of center
(e) and edge (f) of the BN nanotube in (d)

Atomic structure models were proposed from observed diameters of BN nano-
tubes, which were based on layer intervals of 0.34-0.35 nm. The chirality of (n, m)
is derived from the equation
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Fig. 9 (a) HREM image of armchair-type BN nanotube. (b) Enlarged HREM image of (a). (c)
Filtered Fourier transform of (b). (d) Inverse Fourier transform of (c)
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The d means a diameter of BN nanotube with nm scale, and the a,  corresponds
to the nearest distance of boron and nitrogen atoms. For the BN nanotubes, the
value of a,  is 0.144 nm. When a BN nanotube has a zigzag structure, the value of
m is zero.

Figure 10a shows a proposed structure model of the quadruple-walled BN nano-
tube. Chiralities of each zigzag BN nanotube are (35, 0), (44, 0), (53, 0), and (62,
0) from the inside to outside. These chiralities were derived from (1). The arrange-
ment of boron and nitrogen atoms was reversed at each layer, as boron atoms exist
just above the nitrogen atoms while maintaining the layer intervals of 0.35 nm.
Calculated images of the proposed model as a function of defocus values are shown
in Fig. 10b. Contrast of hexagonal rings was clearly imaged at the defocus values
in the range of —40 to —50 nm, and these simulated images agree well with the
observed HREM image of Fig. 8d.

A proposed structure model of double-walled BN nanotube corresponding to
Fig. 9 is shown in Fig. 10c. Chiralities of the BN nanotube are (13, 13) and (19, 19)
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Fig. 10 (a) Proposed structure model of quadruple-walled BN nanotube. Chiralities of zigzag BN
nanotubes are (35, 0), (44, 0), (53, 0), and (62, 0) from inside to outside. (b) Calculated images of
the proposed model (a) as a function of defocus values. (¢) Proposed structure model of double-
walled BN nanotube. Chiral vectors of nanotube are (13, 13) and (19, 19) for the first and second
layers, respectively. (d) Calculated images of the proposed model (c)
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for the first and second layers, respectively. Layer intervals of lattice fringes of
{002} planes are accorded with observed ones in Fig. 9a. Based on the projected
structure model, image calculations were carried out for various defocus values, as
shown in Fig. 10d and a HREM image calculated at —40 nm agrees well with the
experimental data of Fig. 9d.

When the zigzag-type BN nanotubes are characterized using HREM, the BN
atom pairs at sides of the nanotubes are sometimes imaged as dots, as observed in
Fig. 8f. Taking such dot contrast would be difficult for armchair-type BN nanotubes
because of high density distribution of atoms along nanotube axis, and the HREM
image contrast would show straight lines at the sides of nanotubes. Multihelix BN
nanotubes would also show unclear dot contrast at the side of the nanotube, which
indicates that the contrast of side edges of BN nanotubes would also give us useful
information on the chirality. If clear dot contrast is observed at the sides of BN
nanotubes, possibility of zigzag-type BN nanotube is high. Image contrast also
could be changed by rotation of nanotubes, and the further study on the rotation of
BN nanotubes has been presented [110].

Structural stabilities of BN nanotubes were investigated and summarized as
reported [111]. Since an effect of nanotube edges should be considered, nano-
tubes with short and long lengths were investigated. Total energies of zigzag-type
structures showed lower values than those of armchair-type structures, which
indicates that the zigzag-type is more stable compared to the armchair-type struc-
tures. This also agreed with distorted nanotube structures in experimental data
[110]. A similar experimental result was also reported [112], and the present
calculations also confirmed the stability of the zigzag-type BN nanotubes.
Encapsulation of a BN cluster in a BN nanotube showed reduction of total energy,
which indicates that the encapsulation of the BN cluster in BN nanotube would
stabilize the BN cluster [18, 59].

4 BN Nanotubes with Cup-Stacked Structures

Although the arc-melting method is a good technique for producing BN nano-
cage materials, the amount is not so much, and a method for mass production
should be developed. There are several methods for it [113, 114], and one of the
methods is described here [115]. Solublization of BN nanotubes were also
reported [116, 117].

Fe N (99%, Kojundo Chemical Laboratory (KCL) Co. Ltd., Saitama, Japan) and
boron (B) powders (99%, KCL) were used as raw materials [118, 119]. Their
particle sizes were about 50 and 45 mm, respectively. After the Fe N and B (weight
ratio WR = 1:1) were mixed by a triturator, the samples were set on an alumina boat
and annealed in the furnace. The furnace was programed to heat at 6°C/min from
ambient to 1,000°C and hold for 1 h and then cooled at 3°C/min to ambient
temperature. Nitrogen pressure was 0.10 MPa, and its gas flow was 100 sccm
(standard cubic centimeter per minute).
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As-produced soot synthesized from Fe N/B via the above method was purified
by the following steps. The as-produced soot were poured in 4 M HCI solution and
stirred for 4 h at a room temperature. The green color of the solution provides an
indication of the dissolution of Fe ions. After HCI treatment, the samples were
poured in 1 M HNO, solution and stirred for 30 h at 50°C. The yellow color of the
solution provides an indication of the dissolution of boron. After both acid treat-
ment, the solution was filtered and rinsed with deionized water until the pH of the
filtrate became neutral and dried. Then, the samples were poured in pyridine to
eliminate bulk BN, and high purity BN nanotubes with a cup-stacked structure were
obtained by collecting supernatant.

X-ray diffraction patterns in a purification process are shown in Fig. 1la.
Diffraction peaks of h-BN, boron, and a-Fe are observed for the sample annealed
at 1,000°C for 1 h as shown in Fig. 11a. It is found that Fe was removed after HCI
treatment, and boron was removed after HNO3 treatment. After pyridine treatment,
a strong peak of BN was obtained.

Figure 11b, c shows TEM image of BN nanotubes with a cup-stacked structure
after purification process. Diameters and lengths of the BN nanotubes are in the
range of 40-100 nm and 5-10 mm, respectively. Fe nanoparticles and bulk BN was
eliminated during the process. An enlarged image of one of the BN nanotubes is
shown in Fig. 11d, which shows a cup-stacked structure as indicated by lines of BN
{002}. Figure 11e is an electron diffraction pattern of Fig. 11d. 002 reflections of
BN are splitting in Fig. 11e, which indicates that the BN nanotube has a cup-stacked
structure and the cone angle between the BN layers at both nanotube walls is ~20°.
Most of BN nanotubes (~90%) have this cup-stacked structure with cone angle of
~20°, and normal structures with a cone angle of 0° were sometimes observed
(~10%). An optical absorption spectrum of BN nanotubes is shown in Fig. 11f. In
Fig. 11f, a strong peak is observed at 4.8 eV, which would correspond to the energy
gap of BN nanotubes. A broad, weak peak is also observed around 3.4 eV, which is
considered to be impurity level (oxygen or hydrogen) of the BN layers as reported
previously [36]. Comparable data (4.5-5.8 eV) were reported for other optical
measurements [120-122].

A HREM image of edge of the nanotube side wall in Fig. 11d is shown in Fig.
12a, and a cup-stacked structure was observed. Edge structures are observed as
indicated by arrows, and the BN {002} planes are inclined compared to nanotube
axis (z-axis). Figure 12b is a processed HREM image after Fourier filtering of
nanotube center of Fig. 12b, and hexagonal arrangements of white dots are
observed, which would correspond to BN six-membered rings. From these observa-
tions, a structure model for BN cup-structure was proposed, which consists only of
h-BN rings, as shown in Fig. 12c, d.

In order to investigate the stability of the cup-stacked structure, four types of
nanotubes are considered, as shown in Fig. 13 [123]. Atomic structure models of
double-walled BN nanotubes with zigzag-type and armchair-type structures,
respectively, are shown in Fig. 13a, b. Atomic structure models of four-layered,
cup-stacked BN nanotubes with different cone angles are shown in Fig. 13c, d. The
values of these structures were summarized as in Tables 3 and 4. Total energies of
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Fig. 11 (a) X-ray diffraction patterns of samples after synthesis, HCI treatment, HNO, treat-
ment, and pyridine treatment. (b) TEM and (c) enlarged image of the sample after pyridine
treatment. (d) Enlarged image of BN nanotube with cup-stacked structure. (e) Electron diffraction
pattern of (d). (f) Optical absorption spectrum of BN nanotubes

these four-type structures indicates that BN multilayered nanotubes with and with-
out a cup-stacked structure would be stabilized by stacking h-BN networks.
Distance between BN layers of nanotubes with a cup-stacked structure in a HREM
image was found to be ~0.35 nm, and the basic structure model was constructed
based on this observation. Geometry optimizations at molecular mechanics level
result in the interlayer distances of ~0.38 nm. Comparing the empirical total ener-

gies of all the considered structures, a cup-stacked structure (B,, N, with cone
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Fig. 12 (a) HREM image of edge of the BN nanotube wall in Fig. 11d. (b) Processed HREM
image after Fourier filtering of the nanotube center of Fig. 11d. Proposed model of the BN cup
structure projected along (c¢) the z-axis (nanotube axis) and (d) the x-axis. (e) Calculated HREM
image of four-layered, cup-stacked BN nanotube at defocus values of —40 nm. Enlarged image of
(f) edge and (g) center of BN nanotube in (e)

angle of 20° was found to be the lowest in energy, which indicates the high stability
of this structure.

Based on the structure model of a four-layered cup-stacked B,,, N, nanotube,
an image calculation was carried out as shown in Fig. 12e. Enlarged calculated
HREM images of the edge and the center of the BN nanotube in Fig. 12e are shown
in Fig. 12f, g, respectively. These calculated images agree with the experimental

data of Fig. 12a, b, respectively.
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Fig. 13 Atomic structure models of double-walled BN nanotubes with (a) zigzag-type and (b)
armchair-type structures. Atomic structure models of four-layered, cup-stacked BN nanotubes
with cone angles of (¢) 20° and (d) 36°

Cup-stacked carbon nanotubes with Pt nanoparticles in inner surface of the
hollow core had been reported [124]. The BN nanotubes with cup-stacked struc-
tures in the present work would also be one of the candidates for atomic and gas
storage, as well as carbon nanotubes. Cone angles of BN cup-stacks were measured
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Table 3 Calculated values for various BN nanotubes

Zigzag type Armchair type
B273N273 @ B264N264@
StruCture type B273N273 B390N390 B390N390 B264N264 B384N384 B384N384
Outer diameter (nm) 2.3 2.3 2.2 2.2
Inner diameter (nm) 1.6 1.6 1.5 1.5
Number of layers 1 1 2 1 1 2
Total energy 459.2 701.5 556.0 466.6 693.2 779.3
(kcal/mol)
Total energy 0.841 0.899 0.419 0.883 0.902 0.601
(kcal/mol atom)
Table 4 Calculated values for various BN nanotubes with a cup-stacked structure
B560N560 B 1 lZONl 120 B2240N2240 B494N494 B988N988 B 1976N1976
Corn angle (°) 20 36
Outer diameter (nm) 3.4 4.2
Inner diameter (nm) 2.4 2.4
Number of layers 1 2 4 1 2 4
Total energy 31.456 —-287.924 -936.415 895.1 1,269 2,062
(kcal/mol)
Total energy 0.028 -0.129 -0.209 0.906 0.642 0.522

(kcal/mol atom)

to be ~20°, which agreed well with that of the model in Fig. 13c. Although atomic
structure models for BN nanotubes with a cup-stacked structure have been pro-
posed from HREM observation and molecular mechanics calculations [95], the
cone angles were ~36°, and they had bamboo-type structures. In the present work,
there is no bamboo-type structure, which was removed during purification process,
and the more stable cup-stacked structure with cone angle of 20° was formed.

Cone angles of carbon nanotubes with a cup-stacked structure were reported to
be in the range of 45-80° [124]. The cause of the different cone angles of the
present cup-stacked BN nanotubes would be due to the different stacking of BN
layers along c-axis (B-N-B-N...) from carbon layers [123].

Although the network structure of carbon nanotubes has already been observed
by scanning tunneling microscopy (STM), only few works on the STM observation
of the hexagonal plane of BN nanotubes have been reported because of the insulat-
ing behavior. The STM image of BN nanotubes on highly oriented, pyrolytic graph-
ite (HOPG) is shown in Fig. 14a [125]. Three BN nanotubes are observed in the
image, and the smallest one is selected for enlarged observation and electronic
measurements. The nanotube axis is indicated as the z-axis. An enlarged image of
the surface of the BN nanotube is shown in Fig. 14b. The surface of the BN nano-
tubes is indicated by arrows. A lattice image of the BN nanotubes is observed, and
an enlarged STM image of the BN nanotubes is shown in Fig. 14c. Hexagonal
arrangements of dark dots are observed, which correspond to the size of the six-
membered rings of BN. Current-voltage (I-V) measurements were also carried out
for the BN nanotubes, as shown in Fig. 14d. The I-V curve indicates an onset
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Fig. 14 (a) STM image of BN nanotubes on HOPG. (b) Enlarged image of the surface of the BN
nanotube indicated by a square in (a). (¢) Enlarged STM image of the BN nanotube. (d) /-V char-
acteristic of the single BN nanotube

voltage at 5.0 V, which agreed with optical measurement of Fig. 11f, and is almost
comparable to the energy gap of BN nanomaterials [18]. Comparable data were
also reported for other STM measurements [126—129].

5 BN Nanotubes Encaging Fe Nanowires

Figure 15a, b shows TEM and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of Fe-filled BN nanotubes (weight
ratio, WR = 9:1), which were remaining sediment after centrifugation [130, 131].
Similar structures were reported in [132]. The contrast in the TEM image is weak
and direct observation of Fe-filled BN nanotubes is difficult. The same area imaged
by HAADF-STEM shows excellent contrast and the morphology of Fe-filled BN
nanotubes can be observed in detail. A great number of Fe-filled BN nanotubes
were observed by HAADF-STEM. High WR of Fe,N would be necessary for
synthesis of Fe nanowires. TEM image of one of the Fe-filled BN nanotubes is
shown in Fig. 15c. Figure 15d is an EDX spectrum of the Fe-filled BN nanotube.
In Fig. 15d, two peaks of boron and nitrogen are observed. This shows the atomic
ratio of B:N =46.5:53.5, which indicates the formation of BN. A strong peak of Fe
(0.70 keV) is also observed, while a Cu peak arises from the HREM grid.
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Fig. 15 (a) TEM and (b) HAADF images of Fe-filled BN nanotubes. (¢) TEM image of Fe-filled
BN nanotube. (d) EDX spectrum of Fe-filled BN nanotube. (e) Enlarged image of (c). (f)
Electron-diffraction pattern obtained from (e)

Figure 15e is an enlarged image of Fig. 15c. Figure 15f is an electron diffraction
pattern of the Fe-filled BN nanotube. Strong peaks of BN nanotubes correspond to
the planes of (002) of BN. Strong peaks are also indexed as metallic Fe with a bcc
structure, and the incident beam is parallel to the [111] zone axis of a-Fe.

Figure 16a is an enlarged HREM image of Fig. 15e, and Fig. 16b is filtered
Fourier transform of Fig. 16a [131]. Figure 16c is inverse Fourier transform of Fig.
16b, and Fig. 16d is an enlarged image of Fig. 16c. Figure 16d shows a lattice
image of the bcc Fe-filled BN nanotube. The nanotube axis is parallel to the [110]
direction of Fe, which indicates the bcc Fe is epitaxially grown to the [110] zone
axis. The tubular layers around the nanowire have an average interlayer spacing of
0.34 nm, which corresponds to the (002) spacing of BN.
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Fig. 16 (a) HREM image of Fe-filled BN nanotube. (b) Filtered Fourier transform of (a). (c)
Inverse Fourier transform of (b). (d) Enlarge image of square in (c). (e) Inverse Fourier transform
of (b) using 000, Fe 01-1 and Fe 0-11 reflections. (f) Enlarged image of square in (e)

Figure 16e is inverse Fourier transform of Fig. 16b using 000, Fe (01-1 and 0-11)
reflections, and Fig. 16f is an enlarged image of Fig. 16e. Several edge-on disloca-
tions are observed as indicated by arrows, which would be due to lattice distortion
produced during Fe-filled nanotube growth. This lattice distortion is also observed
as expansion in the electron diffraction pattern of Fig. 16f, as indicated by arrows.

A small amount of nanocrystalline Fe,B compounds were observed at the tip of
the BN nanotubes [133]. Chemical formulas that Fe N reacts with B, and generates
Fe and BN in the experiments can be proposed as follows:

Fe,N+3B — BN+ 2Fe,B )
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Fe,B and dissolution of boron were obtained, and BN was produced in the reaction
expressed as (2) because Fe B is thermodynamically more stable than Fe N.
Although the Fe B is stable up to 1,389°C, the Gibbs-Thompson effect shows that
the melting occurs at a significantly lower temperature compared to values in the
standard phase diagram. Therefore, fluid-like Fe,B can be attained more easily. In
the next process, the reaction expressed as (3) would take place.

2Fe,B+ N, (g) — 2BN +4Fe 3)

Boron in liquid-like Fe B started to segregate on the surface of the particle. The
boron would react with N, gas, and BN was produced. a-Fe in liquid-like Fe B is
epitaxially grown to the [110] direction, and Fe nanowires were produced in the
reaction of (3). In addition, high WR would be mandatory for the formation of
Fe-filled BN nanotubes. As a result of these reactions, the [110] of Fe is parallel to
the BN nanotube axis.

Gibb’s energy on each formula is calculated as —89.4 and —23.2 kcal for the
formulas (2) and (3) at 1,000°C, respectively. These negative values would stand
for correctness of the proposed formulas. It is considered that formation of Fe—B
compounds might play an important role for growth of the BN nanotubes, and that
amorphous boron might change to BN and Fe B on the surface of the Fe,N
nanoparticles.

When magnetic materials are used as catalysis metals for BN nanotube
formation, the magnetic nanoparticles would move around by magnetic field
of a coil heater during the reaction process. Then, segments of BN {002} layers
were produced in the tubes, which results in the formation of bamboo struc-
tures. The interval of the BN layer segments might be related to the amount
of iron nanoparticles, and further studies are expected on the control of the
bamboo structure.

6 BN Nanohorns

HREM images of BN nanohorns with various tip structures, which were synthe-
sized by an arc-melting method, are shown in Fig. 17a—e. The BN nanohorns have
a hollow structure, and tip angles of BN nanohorns were 22°, 35°, 60°, 90°, and
102°, respectively [17,21,134,135]. {002} layers of BN are clearly observed in
these images. Since the distortion of apexes of BN nanohorns is very large, the
structure may not be completely perfect, which results in the vague contrast at the
apexes. Figure 17f is a HREM image of a BN nanohorn with an amorphous phase
at the tip axis of the horn, as indicated by a star mark. As observed in the HREM
images, the number of BN layers are in the range of 2-8.

EDX spectra of BN nanohorns with a hollow and an amorphous phase are shown
in Fig. 18a, b, respectively. Both graphs are normalized by nitrogen peaks. Figure
18a shows boron and nitrogen peaks, and Fig. 18b shows a peak of yttrium in addition
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Fig. 17 HREM images of (a—e) BN nanohorns with hollow structures and (f) BN nanohorn with
amorphous phase

to peaks of boron, nitrogen, and oxygen. The composition ratio of B:N in Fig. 18a,
b is calculated to be 45.8:54.2 and 49.2:50.8, respectively. Since the composition
ratios of B:N in Fig. 18 are almost ~1.0, these B and N peaks are believed to be
detected from BN layers. If the composition ratio of BN in Fig. 18b is assumed to
be 1.0, composition of the amorphous phases is calculated as Y:O = 42.6:57.4,
which indicates that the amorphous phase might be Y,0, phase. Amorphous phases
observed at the root of BN nanohorns would be starting points of BN growth.
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Fig. 18 EDX spectrum of BN nanohorns with (a) a hollow structure and (b) amorphous phase

Figure 19a—¢ are atomic structure models of triple-walled B, N .., B, ..N .,

BN o BeosN s and B [N nanohorns with tip angles of 20°, 40°, 60°, 84°,
and 112°, respectively, which agree with the HREM image in Fig. 17. Some differ-
ent tip angles were also observed, which would be due to the lattice defects. Two
and one tetragonal BN rings are introduced for the models in Fig. 19b,d, respec-
tively. Since a trigonal BN ring is introduced for structure models in Fig. 19a, c,
they have some B-B single bonds [21]. Pentagonal BN rings are introduced for the
model of Fig. 19e, which is different from the model of Fig. 19a with trigonal BN
rings. Total energies of the BN nanohorns calculated by molecular mechanics
calculation are listed in Table 5. Distance between BN layers of nanohorn in HREM
images were measured to be ~0.35 nm, and the basic structure models were
constructed based on them. After molecular mechanics calculation, the layer
distances were optimized as ~0.37 nm.

Figure 20a, b shows HREM images of triple- and double-walled BN nanohorns
synthesized by the present method, respectively [136]. The minimum number of
BN layers in nanohorns synthesized by the present work is two, which would be
due to stacking stability with two elements of boron and nitrogen. Tip angles of
both BN nanohorns are ~60°. In Fig. 20b, a dark contrast is observed inside the
double-walled BN nanohorn, and this would be due to the existence of a BN
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Fig. 19 Structure models for triple-walled BN nanohorns with tip angles of (a) 20°, (b) 40°, (¢)
60°, (d) 84°, and (e) 112°, respectively

cluster with metal atom. Since Y@B, N, clusters had already been detected by
mass spectroscopy [18,39], it is believed that the dark contrast would correspond
to a Y@B, N, cluster. Atomic structure models for triple-walled BN nanohorn
(B,4;N,4,;) and double-walled BN nanohorn (B | N, ) encaging Y@B, N, are
proposed as shown in Fig. 20c, d, respectively. Since a trigonal BN ring is intro-
duced for a model at the top in both models, the structure models have some
B-B bonds.

Energy level diagrams of BN nanohorns show narrow energy gaps between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
(LUMO), as shown in Table 5. The energy level diagram for BN nanohorn (B,,N, )
with a tip angle of 40° is shown in Fig. 21a. DOS of B,N,.,B,N,,B, N ,B,N,,
and B, )N, nanohorns were calculated, as shown in Fig. 21b-f, respectively. The
HOMO-LUMO gaps of By N, , B, N, , BN ., B, N, and B, N, were calculated

31° 31° 21° 32° 247 21

to be 0.29, 0.80, 0.20, 0.85, and 0.22 eV, respectively [21].
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Table 5 Total energies and energy gaps of BN nanohorns by molecular mechanics/orbital
calculations

B547N520 B545N545 B557N541 B535N535 B536N525
Nanohorn 20° 40° 60° 84° 112°
angle
Number of 1 3 1 3 1 3 1 3 1 3
layers

Total energy 1.03 0.64 098 047 1.08 0.53 099 0.38 0.03 -0.44
(kcal/mol
atom)

Energy gap 029 (B,N.) 080(B,N,) 020B,N) 085@B,N,) 022B,N,)

397 31 317 731 27" 21 327 32 247721
(eV)

J f‘%‘:, SCGET
Ak

Fig. 20 HREM images of (a) triple-walled BN nanohorn with tip angle of 60° and (b) double-
walled BN nanohorn including Y@B,_ N, . Atomic structure models for (a) triple-walled BN

36" 36"

nanohorn (B, N, ) and (b) double-walled BN nanohorn (B, N, . ) encaging Y@B, N

367 36

Energy gaps calculated based on the atomic structure models show lower values
(0.2-0.85 eV) compared to those of BN nanotubes or BN fullerenes (~6 eV). The
low energy gaps would be due to trigonal and pentragonal BN rings and nanohorn
structures. The bandgaps of BN nanohorns were reduced, and various new applica-
ble fields are expected by combining the BN nanohorns with BN nanotubes or BN
fullerenes. Total energies of BN nanohorns were reduced by stacking of BN nano-
horns, and it is believed that the structure of BN multiwalled nanohorns would be
stabilized by multiplying h-BN ring networks.

BN nanohorns with various tip angles were synthesized by the present
arc-melting method. The total energy of BN nanohorns with tip angles of 84° is
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Fig. 21 (a) Energy level diagram for BN nanohorn with tip angle of 40°. Density of states for BN
nanohorns with tip angles of (b) 20°, (c) 40°, (d) 60°, (e) 84°, and (f) 112°, respectively

fairly low in the present work as listed in Table 5, which agree well with the experi-
mental observation. The lowest total energy of BN nanohorns with tip angles of
112° would be strongly related with the nanoparticle growth of this structure up to
300 nm [29], as described in Sect. 7.

In the present work, yttrium worked as a good catalytic element to produce BN
nanotubes. Catalytic metals for the formation of BN nanotubes, nanocapsules, and
nanocages, which were confirmed by experiments on arc method, are summarized
in Fig. 22a as periodic table. It has been reported that Zr, Hf, Ta, W, Nb, and La can
be good catalytic metals for synthesis of BN nanotubes [2—-13, 95]. On the other
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Fig. 22 (a) Catalysis metals for BN fullerene nanomaterials confirmed by experiments on arc
method (equals, BN nanotube; filled circle, BN nanocapsule; open circle, BN nanocage; cross,
non BN fullerene nanomaterials). (b) Difference formation enthalpy (H*"N-H"B) of nitrides and
borides

hand, other metals could not form BN nanotubes, although BN nanocapsules or
nanocages were formed. The relationship between catalytic metals and structures
of BN fullerene materials would be summarized by formation enthalpy with nitro-
gen and boron. About some metals, formation enthalpies with boron (H*B) and
nitrogen (H®N) were theoretically calculated [95]. Difference of formation
enthalpy (H*"N-H™B) is also shown in Fig. 22b. From our previous results [18,95],
BN nanotubes and BN nanocapsules (or nanocages) were formed when H*N-H™B
was negative and positive, respectively. From Fig. 22b, BN nanotubes are formed
when rare earth metals are used as catalytic metals. Y, Zr, Nb, La, Hf, Ta, Sc, Ti,
and V, would work as good catalytic elements, which agreed well with the experi-
mental results.

In the case of YB/Ni powder, the yttrium and nickel worked as good catalytic
elements to produce bundled BN nanotubes. From the results of only YB, powder,
yttrium atoms would work as core element to produce BN nanotubes, and Ni atoms
would have a role for combination of each BN nanotube. Therefore, existence of
nickel atoms would have an effect on formation of bundled BN nanotubes, and the
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nickel atoms might exist among BN nanotubes. Further studies will be needed to
understand the role of nickel atoms in bundled BN nanotubes.

7 BN Nanoparticles

Chemically vapor deposited boron nitride (CVD-BN) nanoparticles were synthe-
sized from BN ,H  and BCl,-NH.-H, gas systems at temperatures of 1,400-2,000°C
and total gas pressures of O 2-30 Torr on graphite substrates [137,138]. A scanning
electron microscopy (SEM) image of the CVD-BN nanoparticles, synthesized from
a BCL,-NH,-H, gas system at deposition temperatures 2,000°C, is shown in Fig. 23a,
which shows a surface structure of pyramidal pentagonal facets [29]. The twin
boundaries are indicated by solid lines, and the c-direction of the h-BN is indicated
by arrows.

TEM images of CVD-BN nanoparticles, synthesized from a BCl,-NH_-H, gas
system at deposition temperatures of 2,000°C and 1,800°C and synthesmed from
B,N,H, gas at 2,000°C, are shown in Fig. 23b-d, respectively [139]. In Fig. 23b-d,
a number of particles are visible with the structures of pentagons, stars, and
maple leaf shapes, respectively. It should be noted that only those particles which
satisfy certain diffraction conditions are visible in the images. A considerable
number of particles are contained in the samples, as confirmed by tilting. An
electron diffraction pattern of Fig. 23b is shown in Fig. 23e. The electron diffrac-
tion pattern was taken from a wide area (1 mm) and shows many diffraction spots
attributed to the nanocrystalline particles and also the Debye-Scherrer rings from
the turbostratic-BN (t-BN) matrix. The rings are indexed as 002, 100, 102, 110,
and 112 of h-BN [31].

An enlarged image of BN nanoparticles in Fig. 23c is shown in Fig. 24a. Five
twin boundaries are observed in the particle, and the strain contrast results from
some defects in the particles. Figure 24b is a filtered HREM image of the center of
the BN nanoparticle. Twin boundaries are indicated by arrows. In the image, two-
dimensional lattice fringes are visible with separations of 0.18 and 0.22 nm, which
correspond to the lattice spacings of {102} and {100}, respectively. The image
clearly shows that the five parts have twin relations at their boundaries. The center
of the fivefold axis indicates some distortion.

Figure 24c is an electron diffraction pattern of the fivefold multiply twinned
h-BN in Fig. 23b. All diffraction spots in the pattern in Fig. 24c can be interpreted
by the superposition of five twin-related electron diffraction patterns. A selected
area electron diffraction pattern of one of the five parts can be indexed by the h-BN
structure with lattice constants as 0.25044 nm and ¢ = 0.66562 nm [140]. The twin
boundaries are {112}, and the fivefold axis (equal to incident beam direction) is
[20-1].

A projection of the atomic arrangement of the fivefold multiply twinned h-BN
nanoparticle is illustrated schematically in Fig. 24d, where open circles correspond
to rows of an alternate sequence of boron and nitrogen atoms lying parallel to the



180 T. Oku et al.

Fig. 23 (a) SEM image of BN nanoparticles. TEM images of CVD-BN nanoparticles, synthe-
sized from a BCL,-NH,-H, gas system at deposition temperatures of (b) 2,000°C and (c) 1,800°C,
and synthesized from (d) B,N,H, gas at 2,000°C. (e) Electron diffraction pattern of (b)

fivefold symmetry axis [2 0 —1]. The twin planes {112} are indicated by broken
lines, and the h-BN cell is shown by solid lines. The fivefold axis, normal to the
figure at the star mark, is tilted 37° from the c-axis of the hexagonal cells. Taking
account of the lattice parameters of h-BN [140], the misfit of the multiply twinned
h-BN particle is 1.68, which is much smaller than the 7°20¢ of multiply twinned
fce nanoparticles. This small amount of misfit allows the growth of relatively large
sized particles with little inner distortion. The atomic cluster at the center of the
particle consists of B, N, , and the structure was optimized by molecular orbital
calculation, to give a calculative total energy of —11.8 kcal mol [141]. BN clusters

suchas B, N, and B, N, have been reported to have cage structures [39]. However,
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Fig. 24 (a) TEM image of BN nanoparticle. (b) Filtered HREM image of the center of the BN
nanoparticle. (¢) Electron diffraction pattern of the BN nanoparticle. (d) Atomic structure model.
(e) Atomic structure models of B N s ByogNs > and B ([N,
the BN nanoparticles have a layered structure with fivefold symmetry. The heat of
formation of B, N,, cluster was calculated to be 17.3 kcal/mol atom, which is a
little smaller than that of the present B, N, cluster with fivefold symmetry. This
result may indicate that the growth kinetics cause a change in the structure of BN
clusters into decagonal shapes from octahedral shapes during cluster growth.
Atomic structure models of B N ., B, N. ,and B, N, clusters with stacking
structures are shown in Fig. 24e. Total energies per atom-mol of BN clusters were
reduced by stacking of BN layers, and it is believed that the electrons below and
above h-BN networks would have a role of van der Waals bonding between stacking
layers, and the structure of BN nanoparticles with fivefold symmetry would be

stabilized by multiplying h-BN ring networks.
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Fig. 25 (a, b) Particle sizes in CVD-BN synthesized from B,N,H, and BC1,-NH,-H, gas systems,
respectively, as a function of deposition temperatures. (c, d) Partlcle sizes in CVD BN synthesized
from B,N,H, system and BCL,-NH,-H, gas systems, respectively, as a function of total gas pres-
sures. Filled circle, pentagonal particle; filled star, star-shaped particle; open star, a few star-
shaped particle; filled triangle, rhombohedral-BN; filled square, hexagonal-BN

The particle size dependences on deposition temperature for CVD-BN synthe-
sized from the B,N,H, and BCl,-NH,-H, gas system are shown in Fig. 25a, b,
respectively [139]. The sizes for both systems increase as the deposition tempera-
ture increases. Figure 25c, d shows the particle size dependences on the total gas
pressures for CVD-BN synthesized from the B,N,H, and BCl,-NH.-H, gas sys-
tems, respectively. The particle sizes for both systems decrease as the total gas
pressure increases. It is believed that high temperature and low gas pressure are
effective for the formation of fivefold BN nanoparticles, which would be due to the
growth rate of h-BN on the graphite substrates. Thermodynamic calculations of the
Gibbs free energies for BN synthesis at 2,000°C are as follows: B,N.H, (g) = 3BN
+ 3H, (g) — 152 (keal); BCI, (g) + NH, (g) = BN + 3HCI (g) - 72 (kcal)

8 BN Nanocapsules

Nanosized particles have been extensively studied not only for their fundamental
interests but also for their unique magnetic and electronic transport properties,
and they have many potential for the future applications [142, 143]. Especially,
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metal nanoparticles of Fe, Co, and some Fe-based alloys have an advantage of
showing high magnetization. However, oxidation- and wear-resistances of the
surface are weak points of these nanoparticles. In addition, most of the magnetic
materials are accompanied by exothermic heat due to an eddy current loss in high
frequency. As a solution, it is well known that increasing of the resistance by
using insulators is good.

BN nanomaterials provide excellent protection against oxidation and wear, and
its electrical conductance is insulator (~5 eV). Therefore, magnetic nanoparticles
coated with BN layers would have significant advantages for technological applica-
tions. Fe and Co nanocapsules coated with BN layers have been synthesized by an
arc-discharge and thermal annealing method [37, 24, 144]. However, the arc-
discharge method is not suitable for mass production because of the limitation of
the plasma area, and it is difficult to control the particle size and the number of BN
layers. Fe nanocapsules coated with BN layers have been synthesized by annealing
of boron and a-Fe,O, powders [45, 145]. Since they contained oxygen in the start-
ing materials, a high annealing temperature was needed to remove the oxygen. Hu
et al. also reported that nanocrystalline boron nitride had been synthesized with a
whisker-like morphology by a reaction of KBH, and NH,Cl at a temperature of
650°C and a pressure of about 22 MPa [146]. This synthesis method does not con-
tain oxides in the starting materials.

The purpose is to synthesize magnetic nanoparticles coated with BN layers, and
to investigate the nanostructures and magnetic properties. An Ellingham diagram
of nitride metals for N, gas per mol was calculated by HSC software as shown in
Fig. 26. Fe,N particles would be reduced to a-Fe completely by annealing with
boron, because boron reacted with nitrogen more easily compared to Fe. Similarly,
several nitrides would be reduced to pure metals by reaction with boron. In the
present work, Fe and Co were selected for the magnetic nanoparticles, and mixture
powders of Fe, N/B and Co(NH,),C1./KBH, were used for the synthesis, respec-
tively [119].

X-ray diffraction patterns of annealed samples of Fe,N/B with various WR of
Fe N:B annealed at 1,000°C are shown in Fig. 27a. Peaks of h-BN and a-Fe were
confirmed for all samples, and no peak of Fe, N and B was observed. Average diam-
eters of Fe particles are summarized in Table 6, which were calculated from half-
widths of a-Fe (110) by using the Scherrer equation. The sizes of Fe nanoparticles
are below ~30 nm.

Figure 27b shows X-ray diffraction patterns of Co(NH,).Cl/KBH, samples
annealed at 700-1,000°C for 2 h. Although BN nanocapsules were formed, boron
did not react with nitrogen perfectly yet for a sample annealed at 700°C. Diffraction
peaks of h-BN and fcc-cobalt were confirmed for samples annealed at 1,000°C.
Average particle sizes were calculated from half-widths of fcc-Co (111) by using
Scherrer equation as listed in Table 7. The particle size depends on annealing tem-
peratures rather than a flowing rate of N, gas.

Figure 28a is a TEM image of Fe nanocapsules coated with BN layers produced
by annealing a powder of Fe, N/B (1:1) at 1,000°C for 1 h. Bamboo-type BN nano-
tubes with interval cells of 30 nm were also produced by annealing the mixture at
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Fig. 26 Ellingham diagram of Fe, Ni, and Co nitrides for a N, molecule

1,000°C for 5 h as shown in Fig. 28b. Length and width of bamboo-type BN nano-
tubes are approximately 10 mm and 40 nm, respectively. Fe nanoparticles were
often observed at tips of bamboo-type BN nanotubes. Figure 28c shows a TEM
image of fcc-Co nanoparticles coated with BN layers produced by annealing a
mixture powder of Co(NH,),C1/KBH, at 1,000°C for 2 h with flowing 100 sccm
N, gas. An enlarged image of BN nanocapsules encaging fcc-Co nanoparticles is
shown in Fig. 28d. Numbers of BN layers covering fcc-Co nanoparticles are in the
range of 15-30 layers, and they increased more compared to sample annealed at
700°C (5-10 layers).

A magnetic hysteresis loop of BN nanocapsules encaging Fe nanoparticles is
shown in Fig. 29a, which was produced from Fe N/B (9:1) sample annealed at
1,000°C for 1 h with flowing 100 sccm N, gas. The sample exhibits a soft magnetic
characteristic, and saturation magnetization (M) and coercivity values (H) were
174.9 emu/g and 19.0 Oe, and the M_and H_ values are 80% and 88% of bulk Fe
(217.6 emu/g and 21.5 QOe), respectlvely Results of VSM measurements are
summarized in Table 6. Fe powders with only oxidized surface gives M_ value of
130 emu/g, and M_ value of magnetite (Fe,O,) is 92 emu/g. For the present Fe nano-
particles coated w1th BN layers, the M_ values were reduced due to the weight loss
of BN layers, and are as high as pure Fe metal.

Figure 29b is a magnetic hysteresis loop of BN nanocapsules encaging Co nano-
particles synthesized at 1,000°C with flowing 100 sccm N, gas for 2 h. M_and H,
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Fig. 27 X-ray diffraction patterns of (a) Fe,N/B samples annealed at 1,000°C and (b) Co(NH,),

CI,/KBH, samples annealed at 700-1

,000°C for 2 h

Table 6 Average diameters of Fe nanoparticles, and results of VSM measurements of Fe
nanoparticles coated with BN layers at room temperature

Annealing Particle Degauss
Composition time at diameter M * H* coefficient
of Fe N: B 1000°C (nm) M (emu/g)  H (Oe) (einu/g) (Oe) (%)
5:5 1h 24 95.0 244 78.3 425 -17.6
5:5 S5h 28 92.6 22.5 78.9 39.8 -14.8
7:3 1h - 134.2 20.9 117.4 33.8 -12.5
9: 1 1h 30 174.9 19.0 149.9 37.5 -14.3

Saturation magnetization (M ;) and coercivity (H C) values of Fe nanoparticles coated with BN
layers were measured after PC tests (120°C x12 h, humidity 100%, 1 atm.). Values of Degauss

coefficient were calculated according to the following equation: (M - M)/M x100%
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Table 7 Average diameters of Co nanoparticles, and VSM measurement of Co@BN cage nano-
materials at room temperature

Particle Degauss
Temperature  Flow rate diameter M * coeffi-
°C) (sccm) (nm) M (emuw/g)  H (Oe) (emu/g) H *(Oe) cient (%)
700 100 27 48.6 342.9 22.1 396.1 -54.6
1000 100 40 74.5 88.0 54.0 106.9 =275
1000 200 37 72.3 134.1 61.7 143.2 —-14.7

M* and H* after PC tests. Values of Degauss coefficient were calculated according to the fol-
lowing equation: (M* — M )/M_x 100%

Fig. 28 TEM images of (a) Fe nanocapsules coated with BN layers, (b) bamboo-type BN nano-
tubes with Fe nanoparticles, (¢) BN nanocapsules encaging fcc-Co nanoparticles, and (d) enlarged
image of the BN nanocapsules with Co

values of the sample were 74.5 emu/g and 88 Oe, respectively, as summarized in
Table 7. M_ values of samples annealed at 1,000°C are larger than that of 700°C.
On the other hand, H, values decreased at elevated temperatures, which would be
due to an effect of particle size. Herzer showed that H_ of soft magnetic metal par-
ticles depended on the particle size, and that the M_ values were inversely propor-
tional to variance of the H_ values. Therefore, decrease of the H_ values of the
present samples annealed at 1,000°C would be due to large particle sizes.
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Fig. 29 Hysteresis loops of BN nanocapsules encaging (a) Fe and (b) Co nanoparticles

In order to investigate oxidation- and wear-resistances, M_ and H_ values of
samples were measured by VSM after PCT, and the results are summarized in
Tables 6 and 7. Values of Degauss coefficient were calculated according to the
following equation: (M, —M_)/M x100%. A sample of Fe, N/B (7:3) was more
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stable for oxidation- and wear-resistances than other samples for the BN nanocap-
sules encaging Fe nanoparticles. Although M value increased as increase of Fe, N
powder in the composition, appropriate amount of B powder is needed to keep the
M value high for oxidation- and wear-resistances by covering the Fe nanoparticles
with BN layers. BN nanocapsules with Co nanoparticles synthesized at 1,000°C
were more stable than that of 700°C, which would be due to that strong connection
of boron and nitrogen atoms for the samples annealed at 1,000°C.

9 Hydrogen Storage in BN and C Clusters

Many works have been reported on hydrogen storage ability of carbon (C) nano-
tubes, fullerenes, and nanomaterials, as 1-4 wt%. These results indicate the excel-
lent storage ability of carbon nanotubes although the evaluation of hydrogen
storage measurements is necessary. Recently, several studies on H, gas storage of
1-4 wt % in boron nitride (BN) nanomaterials have also been reported [147]. BN
nanomaterials are expected in prospective application because BN nanomaterials
provide good stability at high temperatures with high electronic insulation in air. In
the present work, H, gas storage ability was investigated for C/BN fullerene-like
materials by theoretical calculations. Although huge amount of calculation is
required to calculate nanotubes, it is considered that H, molecules enter from the
cap of nanotubes. Barrier energy of ring structures, energy of chemisorption, and
stable hydrogen position inside the clusters were investigated in the minimum
structure of nanotubes. Theoretical calculations for structural stability of the clus-
ters and hydrogen storage were carried out by molecular orbital calculations
(Hamiltonian: Parameterized Model Revision 5) and Gaussian 98.

C,» B,,N,,, and B, N. clusters have energy barriers for H, molecules to pass
through 4-, 5-, 6-, and 8-membered rings. Figure 30a is a structural model of a H,
molecule passing from the hexagonal rings of clusters. Single point energies for
C,» B,N,,, and B, N_ clusters were calculated [147]. When H, molecules are set
at the center and outside of the cage, the single point energy is equal. E is regarded
as the energy barrier for H, molecules to pass through 4-, 5-, 6-, and 8-membered
rings. Eof B, N, octagonal rings showed the smallest value in the present calcula-

tion. This reszliltﬂwas reached because the octagonal rings of B, N,, have a large
curvature and ring size. Since single point energy is equal when H, molecules are
set at the center and outside of the cage, the energy for H, discharge from fullerene-
like materials is similar to that of H, storage.

Energies for hydrogen chemisorption on each position are summarized in
Table 8. Figure 30b is the schematic illustration for hydrogen chemisorption on
B, N,.. Hydrogen bonding with nitrogen is more stable than that with boron. In
addition, hydrogen bonding on tetragonal ring is more stable than that of hexago-
nal ring. Chemisorption of hydrogen with C,, reduced the energy. When two
hydrogen atoms were chemisorbed on carbon clusters, energies of carbon clusters

increased.
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and (d) 38H, molecules in B, N clusters

Table 8 Chemisorption energy of hydrogen atoms on C and B, N,,

Heat of formation [eV/mol-atom]
- . *AE (eV/mol-atom)
Additional position of hydrogen
Before
C C
addition B N B N
H 2H H 2H
C, 35.21 35.03 | 35.81 -0.18 | 0.60
B, N, -36.12 -34.66 | -35.67 1.46 [0.45
BN, |Tetragon -67.83 | -69.16 1.50 |0.17
-69.33
Hexagon -67.51 | —68.83 1.83 [0.51

*AE = (Heat of formation after hydrogen addition)—(Heat of formation before hydrogen addition)

To investigate the stability of a H, molecule in clusters, energies were calculated for
a H, molecule introduced inside the clusters. One of the structural models for B N,
is shown in Fig. 30c. Energies of CGO, B,N,,. BN, and BNy clusters with a H,
molecule were calculated to be 0.58, —0.71, —0.93, and —0.82 eV/mol atom, respec-
tively. This result indicates that B, N,,, B, N, , and B, N with a H, molecule are more

247 724° 736 367 60" 60

stable than C60 with H, molecule, and that B, N, is the most stable in BN clusters.
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Table 9 Energy of clusters with hydrogen

Introduced H, Heat of formation =~ Chemisorbed H Hydrogen storage
(eV/mol atom) inside cluster (wt.%)
Ce 0 35.21 0 5.8-6.5
22 143.01 0
25 164.87 4
26 169.63 8
B,N,, 0 -36.12 0 29
9 -9.44 0
B, N, 0 —-69.33 0 43
20 —6.66 0
BNy, 0 -100.28 0 49
38 -61.74 0

2A C-C bond was broken

Energies of H, absorption on B, N, cluster were calculated, and structural
models for B, N with 38 H, molecules are shown in Fig. 30d. When more than
22 H, molecules were introduced in C, hydrogen atoms chemisorbed inside the
cluster. When more than 26 H, molecules were introduced in the C clusters, 22
H, molecules were remained in the cluster and 8 hydrogen atoms chemisorbed
inside the clusters, and a C—C bond was broken. Absorption of such large
amount of hydrogen indicates rather unstable energy state. Maximum storages
are 9, 20, and 38 H, molecules for B, N, B, N, and BN, as summarized in
Table 9. From Table 9, stability of H, molecules in B, N, B, N, and BN,
seem to be higher than that of C . C and BN cluster showed possibility of hydro-
gen storage of ~6.5 and ~4.9 wt %, respectively [147]. Effects of metal atoms
were also investigated [148].

Carbon nanotubes are oxidized at 600°C in air. On the other hand, BN are stable
up to 900°C in air [92], which indicates BN fullerenes have higher thermal and
chemical stability than those of carbon fullerenes. BN fullerenes with good thermal
and chemical stability can store H, molecules with less energy, and they have the
same chemisorption energy and higher stability, compared to carbon clusters. BN

fullerene materials would be better candidates for H, storage materials.

10 Conclusion

BN nanocage clusters, nanotubes, nanohorns, nanoparticles, and nanocapsules,
developed in our work, were reviewed in the present paper. These BN nanomateri-
als which have some superior properties and unique structures compared to carbon
nanomaterials can be expected to have applications in a wide variety of future nan-
odevices such as nanoelectronics, magnetic recording media, and biological
sensors, in combination with carbon-based fullerenes and nanotubes.
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Carbon Nitride and Boron Carbon Nitride
Nanostructures

Jie Yu and E.G. Wang

Abstract This chapter is devoted to carbon nitride and boron carbon nitride nanos-
tructures, an important and indispensable member in the family of nanomaterials
for various applications, especially in nanoelectronics. It covers all the main aspects
of the current research on the carbon nitride and boron carbonitride nanostructures.
The attention is mainly focused on the one-dimensional carbon nitride and boron
carbon nitride nanotubes. The most critical issues were addressed from the per-
spectives of synthesis, composition, structure, property, and application. Due to the
presence of multielements in graphite-like layers, the carbon nitride and boron car-
bon nitride nanotubes display much richer diversities than their carbon counterparts
in structure and property. The carbon nitride nanotubes behave always as metallic
wires, and the boron carbon nitride nanotubes exhibit semiconducting properties
tailorable in a large range depending only on compositions. The properties of electri-
cal conducting, electron field emission, photoluminescence, hydrogen storage, and
lithium storage are also presented in this chapter based on the current knowledge.

1 Introduction

The elemental and compound materials by the light elements, such as boron, carbon,
and nitride, have long been attracting interest due to their versatile and unique
properties. It is known that graphite is semimetallic and hexagonal boron nitride
(hBN) is semiconducting with a bandgap of over 5 eV [1-4]. Interestingly, the
ternary boron carbonitride (BCN) compound has adjustable bandgaps between
graphite and hBN depending mainly on composition [5-7]. Single-phase superhard
materials are exclusively found in this system. Diamond, tetrahedral amorphous
carbon (t-aC), and cubic boron nitride (cBN) can now be synthesized by thin film
growth or high pressure — high temperature techniques, and are widely used as
superhard materials. Carbon nitride (CN) was predicted to have hardness comparable
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to diamond [8-10]. Cubic BC )N was reported to have hardness higher than cBN
[11, 12]. Besides the hardness, these materials possess many other extreme properties,
such as high thermal conductivity, wide bandgap, and high melting point, which
make them very attractive for applications such as high-temperature, high-power,
and high-frequency microelectronic devices. Conventionally, the materials in the
boron—carbon—nitrogen (B—C-N) system include diamond, graphite, t-aC, cBN,
hBN, boron carbide, and the recently developed carbon nitride and BCN in the form
of bulk and thin film [13].

Since the discovery of carbon nanotubes (CNTs) [14], various new tubular members
with unique structures and properties have been found in the B-C-N family. They are
CNTs, BN nanotubes (BN-NTs) [15-18], carbon nitride nanotubes (CN-NTs)
[19-22], boron carbonitride nanotubes (BCN-NTs) [23-26], carbon and carbon
nitride nanobells (CNBs and CN-NBs) [27, 28], and tubular graphitic cones [29]. Due
to the nanometer size and unique structure, these new B—C—N nanomaterials are
expected to exhibit novel properties different from their bulk counterparts [30].

Both theoretical and experimental results show that a CNT can behave either as
a semiconductor or a metal depending on its radius and chirality [31-33], which
displays a fascinating future for nanodevice application. Even a large amount of
efforts have been made so far, it is still a big challenge to control the chirality and
diameter of the CNTs technologically. On the contrary, the nanomaterials from the
B—C-N system offer a large variety of mutually complementary electronic proper-
ties. The bandgap of all BN-NTs is remarkably stable around 5.5 eV, independent
of their radius, chirality, and wall-wall interactions [15, 33—37]. The BCN-NT pos-
sesses a tunable bandgap intermediate between those of BN-NTs and CNTs, which
can be easily controlled by changing their atomic compositions. Theoretical studies
have predicted that tubular forms of C\N, are insulating while that of CN are metal-
lic independent of diameter and chirality [38]. Due to the tailorable electronic proper-
ties, the BCN-related nanostructures are expected to play an important role in future
nanoelectronics. Excellent electron field emission properties were observed for the
BCN-related nanomaterials and full color displays were fabricated based on CNT
electron sources [39]. A reproducible hydrogen storage capacity up to 8 wt% and
good Li storage properties with a reversible specific capacity of 480 mA h/g were
achieved for the CN nanobells/nanotubes [40, 41].

In this chapter, we will discuss the current research on the CN and BCN nano-
structures. Our main attention will be focused on the review of processing, structure,
composition, property, and potential application of these light element nanomaterials.

2 Carbon Nitride Nanostructures

Theoretical calculations have predicted that carbon nitrides behave as superhard
materials for the phases of cubic C,N, and planar hexagonal C,N, [42, 43] or as
metallic nanowires for CN-NTs [38]. The doping of graphite-like C structures with
N will considerably improve their electron-conducting properties due to the presence
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of additional lone pairs of electrons that act as donors with respect to the delocalized
n-system of the hexagonal framework [19]. Similar to pure carbon nanostructures, the
carbon nitride (CN) nanostructures are also consisted of graphitic layers containing
nitrogen more or less. But the CN nanostructures bear different structural features
from the carbon nanostructures due to the introduction of nitrogen atoms.

Various types of CN nanostructures have been fabricated successfully, which
include single-walled CN-NTs (CN-SWNTs), double-walled CN-NTs
(CN-DWNTs), multiwalled CN-NTs (CN-MWNTs), bamboo-like or corrugated
CN-NTs, CN nanobells, and CN nanospheres. Because the structural variation is
mainly induced by the presence of the nitrogen atoms, the structural features of the
CN nanostructures are strongly dependent on the nitrogen concentration. Usually,
the crystallinity of the CN nanostructures decreases with increasing the nitrogen
concentration and it is difficult to generate highly ordered structures in which
high concentrations of N are incorporated within the carbon network. Many
growth techniques, such as chemical vapor deposition (CVD), arc-discharge,
physical vapor deposition (PVD), and hydrothermal, have been used to grow the
CN nanostructures by changing the precursor; and the core issue in these studies
is to control their nitrogen concentration.

2.1 Structure and Composition

2.1.1 Bamboo-Like and Polymerized Nanobell Structures

The synthesis of CN-NTs was first reported by Terrones et al. and Sen et al.
[44, 45] using pyrolysis of organic precursor over cobalt catalysts, and by Ma et al.
[27] using plasma-assisted CVD from a gas system. Different from the CNTs, the
CN-NTs are consisted of stacked cones or nanobells and present a bamboo-like or
corrugated morphology as shown in Fig. 1. The individual cones or nanobells are
formed by the nested-type stacking of graphene sheets. Generally, there are two
types of bamboo-like structures for the CN-NTs: one of which is formed by
periodically stacking the regular cones as shown in Fig. 1a, b [22, 27, 42] and the
other has irregularly compartmentalized morphology by randomly distorted transverse
graphitic layers as shown in Fig. 1c, d [20]. The former morphology was usually
observed in thin CN-NTs and the later observed in some thick ones although the
detailed formation mechanism is not clear yet [27]. The regular cones building
the CN-NTs have been denominated as nanobells and the bamboo-like CN-NTs
with the periodically stacked cones are called as polymerized nanobells. The
CN-NTs with irregularly compartmentalized morphology is most frequently
observed in experiments. The graphitic layers forming the cones are often buckled
and not perfectly flat. The layers are generally tilted in respect to the axial direction
of the nanotube with apparently opened edges on the surface. The morphology of
the CN-NTs is strongly dependent on the nitrogen concentration and the stacked
cones become more prominent as the nitrogen concentration increases [45].
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Fig. 1 HRTEM images. (a) A single fiber of the nitrogen-containing polymerized carbon nano-
bells with a small diameter of ~50 nm obtained at low magnification. (b) An enlarged image of
(a) showing detailed connection of the nanobells. (¢) A single fiber of the nitrogen-containing
polymerized carbon nanobells with a large diameter of ~100 nm, (d) An enlarged part of (¢) showing
the atomic structure inside the nanofiber (reprinted with permission from [27], copyright by the
American Institute of Physics)

2.1.2 Separation of Individual Nanobells

The most interesting results are the length control of the polymerization of the
nanobells, especially separation of the individual carbon nanobells from the
stem of the CN-NTs. Very short nanotubes containing only a few nanobells and
even individual nanobells have been produced from the as-grown CN-NTs by two
methods, the H, plasma treatment, followed by grinding, and the oxidation with
acidified potassium permanganate [28]. Figure 2a shows the typical morphology of
the shortened CN-NTs obtained by H, plasma treatment and grinding. It is found
that many tubes consist of several nanobells, and also that discrete individual
nanobells are distributed in the samples (shown by the hollow arrow). These
individual nanobells, such as in Fig. 2b, have similar diameters and lengths and
readily aggregate, indicated by the hollow arrows. By using the grinding method,
the long nanotubes can be cut into short ones with length determined by the grinding
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Fig. 2 (a) TEM images of the shortened CN nanotubes with polymerized nanobell structures and
the individual nanobells. (b) Many individual nanobells gathered together (marked by arrow) and
several short nanofibers containing only a few nanobells (modified from [28], copyright by the
American Institute of Physics)

A o S
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Fig. 3 (a) HRTEM image of an individual nanobell obtained by grinding. The diameter and
length of this nanobell are 14 and 16 nm, respectively. (b) HRTEM image of a single nanobell
with an inner diameter of 14 nm and wall thickness of 7.6 nm. The sample was obtained by react-
ing with potassium permanganate for 96 h; in which the scale bar is 6 nm (modified from [28],
copyright by the American Institute of Physics)

conditions. Figure 3a is a typical high resolution transmission electron microscopy
(HRTEM) image of a single nanobell obtained by grinding, which has a diameter
and length of 14 nm and 16 nm, respectively. Figure 3b shows a nanobell obtained
by oxidation with acidified potassium permanganate. The nanobells are of great
interest in application due to their unique structure.
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Fig. 4 TEM images of heterojunctions between a CN-NT and a pure carbon nanotube. (a)
Heterojunction of CNT/CN-NT, (b) heterojunction of CN-NT/CNT, and (c) biheterojunction of CNT/
CN-NT/CNT (reprinted with permission from [46], copyright by the American Institute of Physics)

2.1.3 Heterojunction

Fabrication of heterojunction is one of the core issues for the application of the nano-
tubes in nanoelectronics. The heterojunctions consisted of the CNTs and CN-NTs have
been obtained by using a simple process, as shown in Fig. 4 [46, 47]. The production
of the CNT part is by using CH, and H, as reactive gases, and the CN-NT part is by
using CH, and N,. By switching the reactive gases between H, and N, continuously
without interrupting the growth process, the heterojunctions of CNTs and CN-NTs
can be obtained. Depending on the sequence of introducing H, and N,, the hetero-
junctions of CNT/CN-NT and CN-NT/CNT, as well as biheterojunction of CNT/
CN-NT/CNT were all fabricated successfully, as shown in Fig. 4a—c, respectively.
These heterojunctions are expected to act as building blocks in nanoscale electronic
devices, for examples of nanodiode [48] and Schottky junction [49].

2.1.4 Formation Mechanism

The formation of the bamboo-like CN-NT structure is closely related to the behavior
of the catalyst particles during growth. The morphology of the carbon cones or
nanobells maybe inherits the shape of the catalyst particles. Some models were proposed
to explain the growth mechanism; however, no sufficient and systematic experimental
evidence supports these assumptions. In addition, a little attention was paid to the
role of nitrogen during the formation of this structure in these models.

A model describing the growth process of the CN-NTs composed of the nanobells
was proposed by considering the role of nitrogen [46]. This model includes three
sequential steps (a) formation of the catalyst particles on the substrate surface; (b)
precipitation of the initial graphite sheets and stretching the quasispherical catalyst
particles into bell shapes; and (c) the growth of nanobells. The schematic pictures
are given in Fig. 5, which clearly describes the formation mechanism of the polymerized
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CN-NTs. Initially, at appropriately high temperature, the catalyst particles melt
and forms quasispherical shape. Subsequently, active carbon and nitrogen
species dissolve into the catalyst particles. When the surface of the catalyst particles
is supersaturated with carbon, the first graphite sheet begins to precipitate on the
surface of the catalyst particle, and once the graphite sheets cover the surface of
the catalyst particle, the following carbon atoms can only be supplied from the
root of the catalyst particles (Fig. 5b). From the shape of the catalyst particles
embedded at the end of the CN-NTs observed by TEM, it is inferred that catalyst
particles must have undergone stretching from a quasispherical shape to a bell-like
shape, which results in the shape of the nanobells. Due to the relatively long
diffusion distance, the supply rate of carbon atoms to the top surface will be slower
than those to the side surface. A nanobell forms when the carbon atoms cease to
precipitate on the top surface of the bell-like catalysts due to scarcity of the carbon
atoms in this area. The growth of the next nanobells starts again once super-
saturation of carbon atoms on the top surface of the catalyst particles resumes.
In this way, the polymerized carbon nanobells were obtained. Different from a
CNT, the outside surface of the CN-NT leaves many open-edged graphite sheets
(shown in Fig. 5d—f).
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Fig. 5 Schematic of the growth process of carbon nitride nanobells. (a) Forming a quasispherical
catalyst particle, (b) beginning to precipitate graphite sheets, (c) stretching the catalyst particle
into a bell-like shape, (d) precipitating the first graphite layer of a nanobell when the top curvature
of the catalyst is supersaturated with carbon, (e) stopping to growth at the top curvature of the
catalyst particle, and (f) beginning to precipitate graphite sheets on the side surface of the catalyst
particle (reprinted with permission from [46], copyright by the American Institute of Physics)
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2.1.5 Other CN Nanostructures

Apart from the bamboo-like CN-NTs, several other types of CN nanostructures
were also observed. Single-walled CN-NTs were obtained by arc-discharge
process [50]. A maximum nitrogen concentration of 1 at.% was found despite the
nitrogen content in precursors. High-purity double-walled CN-NTs with diameter
in the range of 1.5-2 nm were synthesized by CVD [51]. The N content in the
inner wall is 3 at.%, which is higher than that in the outer wall. The graphite-
like and pyridine-like N exist with about 1:1 ratio. Interestingly, a new type of CN
nanostructure, CN sphere, with diameter as small as 30 nm was prepared by
template-directed solid-state or solution reaction of cyanuric chloride or fluoride
with lithium nitride [52]. These hollow spheres show multiwalled nanostructure,
built by disorderly stacked C,N, curved layers assembled from triazine rings and
nitrogen bridges of pyramidal structure. The closed spherical shape of this kind of
CN nanostructure suggests its application in lubricants, catalyst supports, gas
storage, drug delivery, and a precursor for the high pressure — high temperature
synthesis of superhard materials.

2.1.6 Nitrogen Concentration and Chemical Bonding

Most of the results show that the structural features and properties of the CN nano-
structures are vitally related to the nitrogen content. Although high nitrogen
concentration up to 57.1 at.% was reported by hydrothermal method [53, 54], the
CN nanostructures obtained by other methods, such as CVD, are usually below 10
at.%. Because both graphitic carbon and nitrogen molecule are much more stable,
it is difficult to prepare the CN nanostructures with high nitrogen concentration in
equilibrium state. The nitrogen concentration generally decreases with increasing
the synthesis temperature [45, 55, 56]. For example, the N contents were around 5,
3.5, and 3 at.% in the CN nanostructures prepared by the pyrolysis of pyridine at
700, 850, and 1,000°C, respectively, and up to 1 at.% remained when the pyrolysis
is carried out at 1,100°C [45, 55]. Low growth temperature leads to a high N/C
atomic ratio. The CN-NTs with high N concentration of 50% (CN) and 57.1%
(C,N,) have been obtained by hydrothermal method at 230°C and 220°C, respectively
[53, 54]. However, this structure should be in a nonequilibrium state and the nitrogen
component may be liberated at high temperature.

Theoretical calculations have suggested that there exist three possible ways to
incorporate nitrogen, denoted graphite-like, pyridine-like, and pyrrole-like [57, 58],
which can be detected by electron energy loss spectroscopy (EELS) and X-ray
photoelectron spectroscopy (XPS). The pyridine-like N is that bonded with two
carbon atoms inside the graphitic layers by forming cavities or located at the edges
of the layers. The graphite-like N is that bonded with three C atoms by substituting
a C atom in the graphitic lattice. It is found that, when the overall N content
increases for the CN-NTs, the number of graphitic walls within these structures
decreases and the proportion of pyridine-like N increases with the number of
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graphite-like N atoms almost constant. It is thus deduced that the pyridine-like N
“cavities” or “edges” within the predominantly graphitic framework should be
responsible for the interlinked morphologies in the N-doped structures [59].

The graphite-like and pyridine-like nitrogen were frequently observed [20, 45,
51, 59, 60], and the relative content of the two types of N is strongly dependent on
growth temperature. The annealing experimental studies on both CN nanotubes and
films have indicated that the graphite-like nitrogen is more stable than the pyridine-like
nitrogen [61, 62]. The pyridine-like N exists in the products of low temperature and
decreases gradually with increasing the reaction temperature. Experimental results
show that the pyridine-like N disappears when the growth temperature exceeds 1,000°C
[45, 56]. It seems that there exists a limit concentration of N atoms incorporated
into the graphitic layers, above which the CN nanostructures are not stable. It is
difficult to generate highly ordered structures, where high concentration of nitrogen
is incorporated within the carbon network.

The overall morphology and structure are strongly dependent on the N concen-
tration in the CN nanostructures. For examples, the degree of perfection and
linearity of the structure decreases as the N content increases [20]. The alignment
of the lattice fringes is gradually lost as the amount of nitrogen increases and the
roughness of the tube surface starts to increase drastically when a small amount
of nitrogen is incorporated in the graphitic structure [63]. It is the incorporating
nitrogen atoms that induce the buckled layers. This is the reason why the CN
tubules by sputtering show more heavily buckled structure and higher nitrogen
concentration [64] than the CN tubes obtained by CVD. The single-walled
CN-NTs contain N at a concentration of 1 at.% [50]. When the N content increases
further but below 10 at.% bamboo-like CN-NTs are always observed, while the
amorphous carbon nitride can accommodate larger amounts of nitrogen up to 80
at.% [65]. This clearly indicates the effects of the N concentration on the crystallinity
of the CN nanostructures.

High-resolution spatial EELS (HREELS) line scanning across the hollow part
of the CN-NTs shows that the C elemental profile reflects the tubular geometry
and the N profile follows the shape of the C profile, thus implying that N and C
are always homogeneously distributed in the hexagonal framework [20, 66, 67].
However, the N/C atomic concentration ratio was typically found to be slightly
higher in curved region of transverse layers with 10% N than in straight region
with 6% N [66]. In addition, the N content of the inner wall is higher than that of
the outer wall for the double-walled CN-NTs [51]. Theoretical calculation [51]
shows that the N-doping of the inner wall is more favorable than that of the outer
wall for both graphite-like and pyridine-like N. The formation of the N-binding
structure would release the strains of curved graphite layers, more efficiently for
the inner wall than for the outer wall. It is also indicated that a substitutional level
of nitrogen in a curved graphite sheet strongly favors the formation of pentagons
and heptagons, which are required for forming curvature and fullerene-like struc-
tures [68]. The tendency that the N atoms prefer to incorporate into the graphitic
layers with high curvature may account for the formation mechanism of the
bamboo-like CN-NTs.
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2.2 Properties and Applications

2.2.1 Conductance and Field Emission

All CN-NTs are metallic with the conductance higher than that of the CNTs
[19, 69]. The average gap obtained from the normalized conductance [(d In /)/(d In
V) vs. V] curves, is ~0.60 eV and ~0.65 eV for the multiwalled and singlewalled
CNTs, respectively, while it is only ~0.4 eV for the CN-NTs [19]. The electrical
resistance measured for single CN-NT ropes is 20 kQ or less, much lower than those of
CNTs [67]. The metallic conductance of the CN-NTs makes them good candidates
as the conducting wires in nanoscale electronic device. The heterojunctions of
CNT/CN-NT may exhibit metal-metal or metal-semiconductor contact behaviors
and act as building blocks for future nanodevices.

One of the interesting topics for the nanotube research is electron field emission
property due to their unique shape and structure. The CN-NTs exhibit field emission
properties even superior to the CNTs in some aspects probably because of the
increased conductance and the existence of the open edges on the surface. The current
density of 200 mA/cm? at a low field of 6 V/um [27] and the highest density of 0.4
A/cm? [67] were reported for the CN-NTs, which is much higher than the required
current density of at least 1 mA/cm? for display application. Figure 6 is a typical
current—field characteristic of a CN-NT film and its Fowler—Nordheim (FN) plot
(inset). The FN plot follows straight lines both under high and low fields, which

1200
-8
= a
L < ok °
1000 s 10 o
Sl b 0.
800 - < Ry
~ g‘” B (]
3 g g
2 600 [~ 6 L ) ! ®
- 10 15 20 25 ¥
Va0Vt °
400 |- ®
°
°
®
200 .o
0 M L
1.0 1.5 20 25 30 35 4.0 45
E(MV/m)

Fig. 6 Current—field characteristic of a CN-NT film and its Fowler—Nordheim (FN) plot (inset)
(reprinted with permission from [27], copyright by the American Institute of Physics)
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indicates that the emission follows the conventional FN mechanism. The emission
was observed not only from the tip but also from the surface, which is resulted from
the presence of opened edges on the tube surface [27].

The emission characteristics are stable with little fluctuation. For example, it
was observed from a specimen at a current density of 150 mA/cm? that the relative
fluctuation is 1.3% during a test period of 200 s. No significant degradation of the
current density was observed over 100 h, similar to the recent results from well-
organized pure CNTs [27, 67]. It is demonstrated that the CN-NTs are excellent and
highly stable field emitters up to very high current [67].

2.2.2 Hydrogen Storage

Due to the formation of the open edges on the surface, which provides easy channels
for Li-ion insertion and active sites for hydrogen adsorption, the CN-NTs are
expected to be important candidates for hydrogen and lithium storage. Recently, the
CN-NTs with 0.6-nm pores were produced. Experimental and theoretical investigations
indicated that these 0.6-nm pores may provide the route for reversible hydrogen
storage [70]. A hydrogen storage capacity up to 8 wt% was achieved reproducibly
under ambient pressure and at temperature of 300°C [40]. Figure 7 shows a typical
thermogravimetric analysis (TGA) curve, which shows that very little of hydrogen
released at the temperatures below 140°C, a significant amount of hydrogen released
at about 230°C, and then the adsorbed hydrogen in C—N nanobells completely
released at 360°C. A hydrogen rechargeability of the CN nanobells was also tested.
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Fig.7 A typical TGA curve for the nanobells stored hydrogen is presented showing the hydrogen
adsorption process with heating temperature (reprinted with permission from [40], copyright by
the American Institute of Physics)
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After ten cycles of adsorption, the hydrogen uptake capacity was reduced by less
than 15%. The simple and effective storage method, as well as the controllable CN
nanobell structures suggests that the C—N nanobells are an interesting and impor-
tant candidate as hydrogen storage material. In addition, the N, molecules have
been introduced and encapsulated in the hollow cavities of the CN-NTs by the CVD
processes [71, 72]. These results demonstrate that the CN-NTs could be used as
nanoscale gas containers due to the presence of the closed compartments, which
ensure the encapsulation of gases.

2.2.3 Lithium Storage

The intercalation behavior of the Li-ions into the CN-NTs has also been investigated
[41]. Compared to the CNTs with an integrated hollow cylindrical structure, the
CN-NTs is assumed to be beneficial to Lithium storage, for the reason that Li ions
are easily intercalated from the opened edges of the graphene layers on the outside
surfaces. At the first discharge process, the capacity of Li ions is 860 mA h/g, which
is much larger than the theoretical capacity of graphite, 372 mA h/g. It decreases to
about 480 mA h/g at the first charge process and kept invariable in the following
cycles. Figure 8 shows the voltage profiles at the ninth discharge—charge cycle and
the inset displays a relationship between the cycle number and the Li intercalation
capacity. It is indicated that the reversible capacity almost keeps the same during
more than 30 cycles, and the CN-NTs have a good cyclic performance.
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Fig.8 Discharge—charge curve (ninth cycle) of CN-NTs recorded at a current density of 0.1 mA/cm?.

The inset shows a relationship between the cycle number and Li intercalation capacity (reprinted
with permission from [41], copyright by the American Institute of Physics)
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3 Boron Carbonitride Nanostructures

The BCN materials with graphitic-layered structure were first synthesized by
Bartlett and his coworkers [73, 74] in 1986 after the pyrolysis of C,H,, BCl,, and
NH,. The compositions of the products prepared at 400°C and 700°C were
B 455Co0:Noss and B, Co i N .o respectively. In 1996, Watanabe et al. studied the
electronic properties of layered BC,N materials by using scanning tunneling spec-
troscopy and determined a semiconducting behavior with an energy gap of 2 eV,
which is in agreement with the previous theoretical calculations of homogeneous
BCN layers [75].

The main purpose in attempting to synthesize the BCN compounds is to pursue
their tunable electronic properties intermediate between those of graphite and
hBN. The BCN nanostructures are expected to exhibit semiconducting properties
similar to their bulk counterparts, which will be of great importance in nanoelectronics.
The main member of the BCN nanostructures is BCN-NTs, including single-walled
(BCN-SWNTs), multi-walled (BCN-MWNTSs), bamboo-like, cable-like, and hetero-
juncted BCN-NTs. Up to now, the BCN-NTs have been synthesized in a large
composition range. The BCN-NTs can be synthesized by CVD and arc-discharge from
various precursors and substitutional reaction by using templates. The structural features
and their formation mechanism, photoluminescence properties, and electron field
emission properties have been investigated in detail. Very recently, a direct synthesis of
BCN-SWNTs was reported by Wang’s group using hot-filament CVD [76].

3.1 Structure and Composition

3.1.1 Bamboo-Like Structure

Three types of BCN-NTs were observed from the standpoint of microstructure, i.e.,
hollow tubular (without transverse layers), bamboo-like (with transverse layers), and
cactus-like nanotubes. From the research results so far reported, the structural features
are closely related to the synthesis methods. Almost all the BCN-NTs with hollow
tubular structure are obtained by substitutional reaction using the CNTs or CN-NTs
with low nitrogen concentration as templates [77-81]. There is an exception that
BCN-SWNTs were successfully synthesized by bias-assisted hot filament CVD
[76]. Usually, most directly synthesized BCN-NTs by CVD [82-86] and laser ablation
[87] exhibit bamboo-like or cactus-like structure.

Similar to the CN-NTs, the bamboo-like BCN-NTs are composed of stacked
cones, but these cones seem to be more irregular than those observed in the CN-NTs
and sometimes appear as randomly oriented transverse layers. The structure of the
BCN-NTs is closely related to the concentration of the incorporated B and N atoms.
Figure 9 indicates the effects of the composition on the structure of BCN-NTs [88].
Different from the pure CNTs, the BCN-NTs contain some transverse layers in the
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Fig. 9 TEM images of BCN nanotubes with different compositions: (a) a pure CNT, (b) a
B, 05Co-6No.16 Nanotube, and (¢) a B ,.C )N .. nanotube (reprinted with permission from [88],
copyright by the American Institute of Physics)

Fig. 10 Typical structure of the bamboo-like BCN-NTs (reprinted with permission from [91],
copyright by the American Institute of Physics)

central hollow [88, 89]. The formation of this kind of structure is because of the
incorporation of B and N atoms in the graphitic layers. It is known that the odd-
number rings appear in the perfect graphite layers if other light element atoms are
introduced, which tend to bend the graphite layers for reducing the system energy
[90]. So in the BCN-NTs, the curve of the graphite layers determines the shape of
the transverse layers. The distances between two adjacent transverse layers are
related to the B and N atomic concentrations. The density of the transverse layers
increases with increasing the B and N concentration in the nanotubes. Figure 10
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shows the typical structure of the bamboo-like BCN-NTs, where the transverse layers
are clearly observed [91].

3.1.2 Cactus-Like Structure

Sometimes the BCN-NTs exhibit an unique surface structure, where there are
many small graphitic spines standing on the outside surface of the nanotubes,
making the tubes cactus-like as shown in Fig. 11 [§9]. HRTEM observation reveals
that the spines are highly graphitized cones or columns with caps. The graphite
layers near the spines are contorted unparallel to the wall of the nanotubes. Besides
the incorporation of the B and N atoms in the nanotubes, the cactus-like morphol-
ogy is most likely induced by the ion bombardment.

3.1.3 Phase Separation

The composition distribution is generally heterogeneous for the BCN-NTs, both
along the radial and axial directions. It has been found that the C concentration
increases gradually toward the core layer along the radial direction and the BCN
layers tend to form in the outer part of the BCN-NTs [84, 87, 92]. The boron is rich
in transverse layers [92], but the composition varies for the layers from one to

Fig. 11 Cactus-like B-C-N nanostructure (reprinted with permission from [89], copyright by the
American Institute of Physics)
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another [86]. Phase separation and sandwich-like structures were also observed for
the BCN-NTs. For example, for the products prepared by pyrolyzing CH,CN-BCl,

over Co at 1,000°C, B, C, and N are not homogeneously distributed w1th1n the
nanostructures but are separated into pure C and BN domains. Pure h-BN layers are
always sandwiched between graphite-like shells [83]. The high concentrations of B
up to 45% and N up to 26% were obtained for the bamboo-like BCN-NTs [19, 25,
26, 83-87, 89]. But the chemical states and distribution of the B and N atoms are
very complicated. The B and N atoms prefer to incorporate into the network of
the nanotubes in the ratio of unity, implying that the incorporation of the two atoms
are correlated and phase separation of pure C and hBN may exist [25, 83, 86].
The deviation of the B/N ratio from unity was also frequently observed, indicating the
existence of some B or N atoms doped into graphite layer and bonded only with
carbon atoms [87].

The detailed mechanism accounting for the concentration distribution is not clear
so far although some models were proposed. But it can be affirmed that the chemical
distribution in the BCN-NTs is caused by the growth kinetics, including the growth
parameters, such as reaction temperature, mass transfer rate of the reactive species,
and growth and diffusion rates of constituting atoms arising therefrom.

3.1.4 Heterojunction

Nanometric heterojunctions of BCN-NTs were also controllably fabricated by bias-
assisted hot filament CVD [88]. Tailored composition saltation across the nanotube
junction is obtained by simply varying the gas composition in a two-step growth
process. In the first step, BCN-NTs are prepared at a certain B,H, concentration.
Then, the growth is paused with both the filament and the dc discharge power supply
shut down and the deposition chamber evacuated. After that, the second stage is
started with introducing the precursor again but at a varied B,H, flow rate. Figure 12
shows the TEM images of the nanometric heterojunction. The junction can be
observed clearly from the different structure of the two sections. This type of nano-
junctions may be a candidate for potential application in future nanoelectronics.

3.1.5 Single-Walled BCN Nanotubes

One of the important developments in the processing of the BCN-NTs is the suc-
cessful direct synthesis of the BCN-SWNTs [76]. Conventionally, the BCN-NTs
are corrugated and have a lot of defects because of the introduction of dissimilar
atoms into the graphitic lattice. As a consequence, it is difficult to synthesize the
BCN-SWNTs. However, in 2006, Wang and his coworkers achieved the synthesis
of the BCN-SWNTs by bias-assisted hot filament CVD over the powdery MgO-
supported Fe-Mo bimetallic catalyst from a gas mixture of CH, B,H, and ethylen-
ediamine vapor [76]. TEM observation revealed that the as- grown SWNTs have
clean and smooth surfaces with diameters in the range of 0.8-2.5 nm. Sometimes
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Fig. 12 A C/BCN nanometric heterojunction: (a) TEM image and (b) HRTEM image at the junc-
tion (reprinted with permission from [88], copyright by the American Institute of Physics)

Fig. 13 Typical HRTEM images of (a) an individual BCN-SWNT; (b) a thin SWNT bundle; (¢)
a thick SWNT bundle; and (d) an individual DWNT. Scale bar = 5 nm (reprinted with permission
from [76], copyright by the American Chemical Society)

DWNTs with slightly larger outer diameter can also be found to coexist with the
SWNTs, but their amount is not dominating.

As shown in Fig. 13a-d, the BCN-SWNTs normally have the straight cylindrical
tube walls, a morphological feature similar to that of the pristine C-SWNTs. This
is in contrast to the defective, bamboo-like structures of BCN-NTs. It is likely that
the B and/or N incorporation will introduce topological defects in the graphite
shell, but not necessarily result in the defective, bamboo-like structural features.
The BCN-DWNTs coexisting with the SWNTs also exhibit similar nonbuckled
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hollow tube structure (Fig. 13d). The EELS and XPS measurements indicate that
the B and N atoms are built into the graphite network by substitutional doping,
rather than gathered in the bundle intratube tunnels. The B contents usually vary in
the range of 2—4 at.%, whereas the N concentration often range from 3 to 8 at.%
and can, on occasion, reach as high as ~16 at.%. The energy-filtered elemental
maps shows that all constituting B, C, and N elements are homogeneously distrib-
uted within the SWNT tube shells.

Another effective and widely adopted method for preparing the BCN-NTSs is
substitutional reaction by using pure CNTs or CN-NTs as templates to react with B
and N containing precursors, mainly B,O, vapor and NH, or N, at high temperature,
by which the BCN-SWNTs and BCN-MWNTs with well-defined concentric cylinder
layers and hollow cores were obtained, following the original structure of the template
nanotubes. For the products obtained by this method, there is a trend to a phase separa-
tion between BN-rich and C-rich domains most frequently. The structure feature and
composition distribution vary depending mainly on the reaction conditions, e.g.,
temperature, reaction time, and the nature of the templates. Starting from the MWCNT
templates, both sandwich-like structure and pure BN-NTs were obtained [93, 94].
The sandwich-like BCN-NTs were synthesized at the temperature below 1,700°C, where
the BN-rich domains constitute the tube innermost and outermost parts, whereas
the C-based layers compose the intermediate shells. With increasing the reaction
temperature to 1,700°C or higher, the C templates were converted to pure BN-NTs
completely. The following chemical reaction was proposed for the formation of the
BCN-NTs from CNTs [77]:

xB,0; + yN, +(2 + x —2y)C(nanotubes) — 2B C N y (nanotubes) + 3xCO

1-x—y
This reaction proceeds when the B,O, vapor and N, gas come into contact with the
CNT surface. For the uncapped CNT templates the conversion processes of inside-
out and outside-in lead to the formation of BN-rich layers on the innermost and
outermost tubular surfaces first. With increase in the synthesis temperature
(1,700°C or above) the tubes become more and more BN-rich, while the C species
are continuously burned out from the nanostructure until pure BN-NTs form. In
contrast, in the case of using CN-NTs as templates, the C-based layers are enriched
close to the tube cores and the external layers are rich in B and N atoms [79, 93].
This is because the access of gases to the internal cores is restricted due to the
existence of transverse layers between the innermost shells, typically observed in
pyrolitically grown CN-NTs. We believe that the CN-NTs can also be converted
into pure BN-NTs if increasing the temperature to high enough or prolonging the
reaction time.

From the theoretical standpoint, it is indicated that the phase diagram of BCN
system favors a phase separation between graphite and hBN without intermediate
phases. However, the BCN-SWNTs [77] and BCN-MWNTs [80] with homogeneous
distribution of B, C, and N were synthesized successfully. By using C-SWNTs as
starting materials, the BCN-SWNTs with diameters of 2.1-3.2 nm were readily synthe-
sized by the above substitutional reaction process under moderate conditions [77].
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The B concentration up to 10 at.% and N up to 2 at.% were achieved in the graphitic
layers for the BCN-SWNTs. Furthermore, the pure BC N (1 < x = 5) nanotubes
with uniformly distributed concentrations of B, C, and N were produced by reacting
the CN-MWNTs with B,O, and CuO in a N, atmosphere at about 1,800°C [80]. The
authors attributed this novel result to the use of CNTs and a careful selection of the
reaction temperature. The reaction temperature and the way the materials are
heated are crucial factors to obtain homogeneous BC N shells. Higher or lower
temperatures may also result in inhomogeneous and segregated B, C, and N cylinders.
Considering the high temperature used for producing the materials (~1,800°C),
these novel BCN-NTs are promising semiconductors.

3.2 Properties and Applications

3.2.1 Semiconducting Property and Blue Photoluminescence

The BCN-NTs are expected to behave as semiconductor with electronic properties
tunable in a large range, which has been validated both theoretically and experi-
mentally. Liu et al. [95] predicted a 2.0-eV bandgap for a BCN stoichiometric
sheet, while Zhu et al. [96] calculated a 0.2-eV gap for a BCN layered network.
Transport measurements on individual ropes composed of tens of nanotubes with
composition of BCN_(x < 0.1) reveal that the resistance is in the range of 50-300 MQ
and a bandgap of about ~1.5 eV [67], but perplexingly, measurements on the BC N
(1 £ x £5) nanotube ropes show the same values of resistance and bandgap with
BCN, (x < 0.1) nanotubes [67], while measurement on a bundle containing over ten
nanotubes with composition of B, ,,C, ,.N gave a bandgap of 1 eV [78]. For the BCN-NT
ropes composed of BN-shielded BCN-NT, the resistance through the BN outer layer
was found to be ~1 GQ, sometimes exceeding 10 G2, demonstrating that the BN-rich
outer layers act as an almost perfect insulator [79]. Considering the complicated
structure and composition distribution it is very difficult to explain the semiconducting
behavior of the BCN-NTs precisely based on the very limited experimental results.

The electronic structure of the BCN-NTs is investigated by photoluminescence
(PL) both at room temperature and low temperature [26, 85, 89]. Figure 14a shows
the PL spectra of the BCN-NTs with different compositions taken at room temperature
excited by Ar+ laser with 488-nm wavelength. By decreasing the C concentration
from 87 to 57%, the emission peak shifts from 2.13 to 2.34 eV as shown in Fig.
14b. In addition, the BCN-NTs emit blue-violet light when excited using a He—Cd
laser with 325-nm wavelength. The peak positions ranges from 2.55 to 3.14 eV for
the BCN-NTs with different compositions. These emission bands are most probably
originated from the defect states because of the large amount of defects in the BCN-NTs.
The corresponding bandgap energy should be larger or much larger than the above
emission energy.

It is demonstrated that the electronic structure of the BCN-NTs can be controlled
by their compositions. However, the observed energy range of the emission peaks
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Fig. 14 (a) Room-temperature PL spectra (excited by Ar laser at 488 nm) grown at different B,H
concentration: (a) 1.0%, (b) 1.5%, (¢) 2.0%, (d) 2.5%, and (e) 3.0%, respectively, (b) The emis-
sion energy vs. C concentrations in the nanotubes (reprinted with permission from [89], copyright
by the American Institute of Physics)

is too narrow compared with the very wide range of the bandgap energy from
semimetallic graphite to insulating hBN. The emissions from the narrow bandgap
close to graphite and the wide gap close to hBN are not observed yet. The con-
tinuous emission between the graphite and hBN from the BCN-NTs has not been
realized also. One reason is that the synthesis of the defect-free BCN-NTs is
very difficult, which makes the interband emission very difficult. In addition,
the synthesis of graphite-based BCN-NTs with traces of B and N atoms and the
hBN-based BCN-NTs with traces of C atoms is underway, which will make low
energy emission near graphite and high energy emission near hBN is possible.
In one previous study, a sharp emission peak at about 1.0 eV was observed for
the BCN-NTs with the composition of B, C/ N ,, at 4.2 K as shown in Fig. 15
[26]. Ultraviolet emission centered at 3.89 eV was revealed for the BCN-NTSs
with the BCN stoichiometry [97]. The luminescence properties are greatly influ-
enced by the defects and composition distribution in the BCN-NTs; far more
work than the presently existing is needed for understanding the luminescence
properties of the BCN-NTs.

3.2.2 Field Emission

Nanotubes are unavoidably related to electron field emitters ever since their discovery
because of their special shapes. Recent developments have demonstrated that the
nanotubes have good prospects as electron field emitters for flat-panel displays.
The field emission (FE) properties of the BCN-NTs were investigated as a function
of the composition [89]. The threshold field at an emission current of 1 nA varies
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Fig. 15 PL spectrum at 4.2 K for the BCN nanotubes with the formula of B, ,,C , N, (reprinted
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from 4 to 16 V/um when the B,H, flux ratio is changed from 1.0 to 3.0% in the gas
mixture. The emission capability of the BCN-NTs depends on their compositions
and can be optimized by adjusting the growth parameters. For a sample grown with
a B,H, flux ratio of 1.0%, the threshold field is 4 V/pum and the current density
reaches 1 mA/cm? at an electrical field of 6 V/um.

Excellent FE properties were observed for the cactus-like structure [84], where a
high emission current density of about 20-80 mA/cm? was achieved at an electrical
field of 5-6 V/um, eligible for the technological application of flat-panel displays,
which generally require 10 mA/cm?. The high current density of field emission from
the cactus-like BCN nanostructures is due to the distinctive surface structure of the
BCN-NTs. However, the field emission stability from the BCN-NTs is inferior to the
CN-NTs at high current densities [67]. At lower current densities of ~0.2-0.4 mA/cm?,
both CN-NTs and BCN-NTs emit rather steadily over tens of minutes, whereas after
increasing the current density to 0.2-0.4 A/cm? (at significantly shortened anode-film
distances of several tens of um), the electron emission from BNC-NTs becomes
highly unstable, accompanied with clearly visible sparkling, followed by the complete
current degradation within several tens of seconds [67]. It is considered that in the
case of not necessarily requiring very high field-emitting densities (a few ~mA/cm?
or less), BCN-NTs may have a significant advantage over their pure C counterparts
due to superior chemical and thermal stability.

Considering the tunable semiconducting properties and chemical stability, the
BCN nanostructures may be used as photoluminescent devices, high tempera-
ture nanotransistors, lightweight electrical conductors, or high temperature
lubricants. It is worth noting that due to the significant fraction of B/N presence in
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the semiconducting BCN bundles they are presumed to have higher oxidation
resistance and thermal stability than semiconducting pure CNTs [78]. This is of
prime importance for applications.

4 Concluding Remarks

The carbon nitride and BCN nanostructures are important, sometimes indispensable
members in the family of nanomaterials for various applications, especially in nano-
electronics. Due to the presence of multielements in graphitic layers, the CN and
BCN nanotubes display much more diversities than their C counterparts in structure
and electronic properties. The CNTs, CN-NTs, and BCN-NTs are mutually comple-
mentary in electronic properties, where the CNT can be metallic or semiconducting
depending on its radius and chirality, CN-NTs behave always as metallic wires, and
the BCN-NTs exhibit semiconducting properties tailorable in a large range depending
only on compositions. CN-NTs and most directly synthesized BCN-NTs exhibit
bamboo-like morphology due to the incorporation of N and B atoms into the graphitic
layers, while the BCN-NTs converted from the CNT and CN-NT templates can be
tubular hollow by replicating the original structure of the templates.

A great many of CN and BCN nanostructures have been successfully
prepared, including single-walled CN- and BCN-NTs, double-walled CN- and
BCN-NTs, multiwalled CN- and BCN-NTs, bamboo-like CN- and BCN-NTs,
CN nanobells, CN nanospheres, heterojunctions of CNT/CN-NT and CNT/
BCN-NT, and cable-like and sandwich-like BCN-NTs, etc. The B and N concen-
trations play crucial roles in controlling the structure and properties of the
CN-NTs and BCN-NTs. For the CN-NTs, outstanding field emission properties
with current density as high as 0.2 A/cm? at a low field of 6 V/um, high hydrogen
storage capacity up to 8 wt%, and stable Li storage capacity of 480 mA h/g have
been reported. While for the BCN-NTs, the light emission up to 3.89 eV and
excellent field emission properties have been also realized. These results indicate the
potential applications of the CN and BCN nanostructures in the related fields.

Even if great progress has been made in recent years; the research on the CN and
BCN nanostructures still faces serious challenges both scientifically and techno-
logically. They are the definition of the chemical states of the B and N atoms in the
nanotubes, element distribution, thermal stability, the relationship between structure
and properties, the device behavior of the heterojunctions, the precise control of the
composition and structure, and so on. We believe that the CN and BCN nanostructures
will contribute to the future nanoelectronics and nanomaterials greatly with the
deepening of understanding these problems.
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Properties and Applications of Doped
Carbon Nanotubes

Antonio G. Souza Filho and Mauricio Terrones

Abstract Carbon nanotubes are very stable systems having a considerable chemical
inertness due to the strong sp® hybridized covalent carbon bonds on their surface.
However, various applications of carbon nanotubes require their doping or chemical
modification through the addition of atoms and/or molecules (covalently or
noncovalently) in order to alter their physicochemical properties. In this chapter we
review the importance of different types of doping in carbon nanotubes (single, double,
and multiwalled). Regarding the location of the dopant species within the nanotubes,
it is possible to classify the doping process as being exohedral (intercalation), endo-
hedral (filling), and in-plane (replacing carbon atoms). The effects of doping on the
electronic, vibrational, chemical, magnetic, and mechanical properties are discussed
by analyzing the experimental results obtained with different spectroscopic techni-
ques such as resonant Raman, X-ray photoelectron (XP), electron energy loss, and
others. Applications of doped-carbon nanotubes are also summarized.

1 Introduction

Carbon nanostructures such as graphene, nanoribbons, fullerenes, and nanotubes
exhibit different physicochemical properties that could result in the development of
novel nanotechnology products. In particular, carbon nanotubes possess fascinating
electronic, optical, and mechanical properties depending on their geometry (diameter
and chirality) [1, 2]. These carbon nanostructures are relatively stable and exhibit
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chemical surface inertness, which could be improved by replacing carbon atoms
(from parts per million to small weight percentages) into their crystalline lattice.
This process called doping opens up the opportunity for tailoring their electronic,
vibrational, chemical, and mechanical properties.

In this chapter we review different ways of doping carbon nanotubes and other
carbon nanostructures. There are three main doping categories: (a) exohedral doping
or intercalation, (b) endohedral doping or encapsulation, and (c) in-plane or substi-
tutional doping. By definition, in-plane doping is a covalent functionalization
whereas the endohedral and exohedral kind of doping can be either covalent or
noncovalent functionalization (see Fig. 1). Because of the curvature it is expected
that exohedral covalent functionalization is more favorable than the endohedral
counterpart because the outer surface (convex) is more reactive than the inner surface
(concave). Using surface science terminology, covalent and noncovalent functionali-
zation are also termed as chemisorption and physisorption, respectively.

We will also show in this chapter that the doped nanotubes possess outstanding
properties when compared with pure carbon nanotubes, and it is foreseen that these
systems will develop further nanotube science and will eventually transform the
potential applications of carbon nanotubes into real-world technology.

This chapter is organized as follows. In Sect. 2, we describe general concepts
behind the main doping-process types. In Sect. 3, we focus on the properties of

® covalent
#® Non-Covalent

# Substitutional

Fig. 1 Schematic illustrating the possible sites and different functionalization processes in carbon
nanotubes
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substitutional doping processes discussing the synthesis methods as well as the
main physical properties of these systems. Section 4 discusses the characterization
of different doped-carbon nanotubes using resonant Raman spectroscopy, which is
a very powerful technique for obtaining information regarding electronic, structural,
and vibrational properties of the doped nanotubes. Some of the applications of
doped carbon nanotubes are described in Sect. 5. The chapter finally summarizes
the perspectives in this field.

2 Different Types of Doping

The possibility of filling the core (endohedral doping) of these 1D structures with
carbon is attractive for scientists because both storage and transport of molecular
species at the nanoscale is of great interest, especially in biology as drug deliverers
and models for biochemical processes. This field started with the theoretical work
of Pederson and Broughton [3] claiming the nanocapilarity of carbon nanotubes.
From the experimental standpoint, Ajayan et al. [4] were the first to report the
filling of MWNTSs with lead or lead oxide by heating the tubes in air together with
metallic lead (Fig. 2a, b). There is an extensive work related to the filling of carbon
nanotubes that has been reviewed elsewhere [5, 7-9] (Fig. 2c, d).

The filling of carbon nanotubes has been of historical importance in nanotube
science. It was the attempt to fill the core of MWNTSs with pure transition metals
such as Ni, Co, and Fe that resulted in the production of SWNTs using the arc
discharge technique [10, 11]. Five years later, the first reports related to the
successful filling of SWNTs with C,; molecules were presented by Smith et al. [12]
and Sloan et al. [13]. The remarkable properties for those endohedrally doped
systems lead to a fast development in using the 1D structure of SWNTSs to prepare
a large variety of filled-nanotube systems (Figs. 2 and 3). The natural attempt was
to use the unique 1D tubular morphology as the template for preparing a new
generation of very small diameter wires or to prepare quasi-1D superconductors
using alkali metals as fillers. Heavy metals such as Ru, Bi, Au, Pt, Pd, and Ag have
also been inserted in the nanotube cavity [13-16]. Different compounds such as
halides and oxides have also been introduced into SWNTs (Fig. 2c, d) [6, 17, 18].

The discovery of C,, @ SWNTs (also called fullerene peapods) is another very
important advance in carbon nanotube science. The control and high yield of C,,
filling could lead to double-walled carbon nanotubes (DWNTSs) after heat treat-
ments (Fig. 3). Furthermore, this system allowed the observation in real time using
an electronic microscope of nanoscale phenomena such as dimerization, diffusion,
and coalescence [19, 20]. Subsequently, 1D crystals have been synthesized using
the encapsulation of metallofullerenes [21].

The bundles of as-prepared carbon nanotubes (SWNTs, DWNTs, or MWNTSs) can
serve as a host lattice for different chemical moieties. The electronic properties can be
tailored by doping with electron-donating or electron-accepting guest atoms and small
molecules, which reside in the interstitial channels. Chemical doping is expected to
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0.35am

Fig. 2 (a) Molecular model representing a double-walled carbon nanotube (DWNT) filled with a
solid material; (b) HRTEM images of a Pb-filled MWNT (courtesy of PM. Ajayan) (reprinted
with permission from [5]); (¢c) HRTEM image of a 2x2 KI crystal inside a 1.4-nm diameter
SWNT; (d) Structural representation of (c) (inset: end-on view — courtesy of J. Sloan) (reprinted
with permission from [6], copyright American Chemical Society)

substantially increase the density of free charge carriers (electrons or holes) and
thereby enhance the electrical and thermal conductivity in the SWNT bundles.

The intercalated alkali metal atoms (exohedral doping) act as an electron donor
and this charge transfer weakens the C—C bonds in the SWNTs, as electrons have
been known to soften the C—C bond in all sp*> bonded carbon materials [22, 23].
The acceptor halogens (e.g., Br,) were found to stiffen the C—C bonds. This kind of
doping is noncovalent, and the carbon nanotube samples can be easily undoped by
heat treatments at high temperatures. The atomic structure of the nanotubes is not
affected in this process (Fig. 4) but as we will show in next sections the electronic
structure is strongly affected.

The exohderal doping can also be covalent, which can modify the nanotube wall
to a great extent depending on the concentration of dopant molecules. There are
several routes for covalently attaching moieties in the carbon nanotube surface
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Fig. 3 Left column: Molecular models obtained during molecular tight binding calculations of
C,,-filled SWNT (also known as fullerene peapods). The simulations show the annealing process
of the fullerene molecules. Note that as the molecules merge a DWNT begins to be formed. Right
column corresponds to the experimentally observed sequence of a fullerene peapod under electron
irradiation at room temperature (scale bar is 2 nm) [20]
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Fig. 4 High-resolution transmission electron microscope (HRTEM) images of pristine double-
wall carbon nanotubes (a) before and (b) after Br, adsorption. (¢) and (d) show, respectively,
scanning electron microscope (SEM) images, for both pristine and Br,-doped DWNTs (reprinted
with permission from [24], copyright American Physical Society)
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but one of the most simple covalent functionalization is the carboxilation of the
nanotubes (Fig. 5). The charge plots for the local densities of states coming from
the half-occupied levels indicate that charges are mainly located around the
functional groups (Fig. 5b) [25]. The carboxylic acid group (COOH) is considered
the prototype chemical group for achieving the covalent functionalization of carbon
nanotube because the carbon atom is covalently bonded to the tube and the -OH
group can be exchanged by other chemical groups using standard chemical reactions
via a coupling agent. This approach allows one to attach more complex molecules
such as aminoacids and DNA, and other groups such as amine and amide [26].

Optical absorption spectra of doped SWNT thin films can provide insight into
which electronic states are primarily influenced by charge transfer interaction with
the dopants. Kazaoui et al. [27] have separately monitored the doping behavior of
semiconducting and metallic SWNTs in a combined optical absorption and DC
resistance measurement study. Both electron acceptors (Br,, 1) and donors (K, Cs)
were used as dopants with controlled stoichiometry. Disappearance of absorption
bands at 0.68 and 1.2 eV (assigned to semiconductor SWNTs) and at 1.8 eV
(assigned to metallic SWNTSs) in pristine SWNTs with a concomitant decrease in
the electrical resistance upon doping has been attributed to electron depletion from,
or filling to specific bands in semiconducting or metallic SWNTs.

Both structural and electronic properties of the nanotubes are highly affected by
substitutional (in-plane) doping. In this process one or more heteroatoms are added
to the nanotube lattice, thus breaking the translational symmetry of the lattice. Both
the number of electrons and the size of the heteroatom play an important role in
determining the physical properties (structure, morphology, and electronic) of the
doped structures. In the next section we discuss in detail this doping process focus-
ing mainly on B, N, BN, and PN-doped carbon nanotubes.

Fig. 5 (a) Structural configurations and (b) local density of electronic states of the covalent
functionalization of carbon nanotube with carboxyl COOH groups [25] (reprinted with permission
from [25], copyright Elsevier)
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3 Boron- and Nitrogen-Doped Carbon Nanotubes

By analogy with graphite, it is possible to replace the atoms from the carbon
nanotube walls with elements such as boron, nitrogen, and others [28-36]. The most
studied systems are B- and N-doped carbon nanotubes (CN_ and CB)), as well as
the more complex B C N_ternary systems [37].

Because of the quantum confinement and curvature of the carbon cylinders, it is
expected that by doping carbon nanotubes novel electronic, mechanical, and chemical
properties will result, which should be also different from their undoped counterparts.
In particular, substitutional doping of B and N within nanotube lattice will introduce
strongly localized electronic features in the valence or conduction bands, respectively,
and this will enhance the number of electronic states at the Fermi level (E,) depending
on the location and concentration of dopants (Fig. 6a).

The changes in the electronic structure of B-doped carbon nanotubes are basically
derived from the fact that Boron has one electron less than C, and its incorporation
into the carbon lattice generates sharp localized states below the Fermi level (valence
band) (Fig. 6a). These states are caused by the presence of holes in the structure leading
the tube to behave as a p-type material. This charge localization suggests that this
doped structure would be more likely able to react with donor-type molecules.
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Fig. 6 Calculated densities of states (DOS) using tight-binding parameters fitted with ab-initio
calculation approaches (see [38]) for: (a) an armchair (10, 10) B-doped carbon nanotube (B = 0.2
at.%, solid line) exhibiting a clear peak in the valence band (see arrow), and (d) an armchair (10,
10) N-doped carbon nanotube (N = 0.2 at.%, solid line), in which a sharp and localized peak arises
in the conduction band (see arrow). Solid lines correspond to the doped materials whereas dotted
lines are related to the pure C nanotubes (undoped). Note that for all cases the presence of B
introduced states in the valence band (holes), whereas N injects electrons in the conduction band
(donors). Because of the quantum confinement within the nanotube, electrons can only propagate
along the nanotube axis, and so their wave vectors point in this direction. The spikes shown in the
DOS of the tubules are called “van Hove” singularities and are the typical signature of one-
dimensional quantum conduction, which is not present in an infinite graphite crystal (calculations
performed by S. Latil). The energy scale is written in units of ¥, = 2.9 eV. (¢) Molecular model of
N-doped carbon nanotubes, exhibiting two types of Nitrogen: (1) Pyridine-type in which each N
atoms are bonded to two carbon atoms, responsible for creating cavities and corrugation in the
nanotube structure (see marked area), and (2) substitutional N atoms, which are bonded to three
carbon atoms (see marked area)
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For N-doped SWNTs, two types of C-N bonds could occur in carbon nanotubes
(Fig. 6b). A three-coordinated N atom within the sp*-hybridized network induces
sharp localized states above the Fermi level due to the presence of additional electrons
(Fig. 6b). A two-coordinated N is also possible for doping carbon nanotubes in
the pyridine-type substitution where an additional carbon atom is removed from
the lattice (Fig. 6b), thus generating localized states below and above the Fermi level.
Therefore, susbtitutional N doping in SWNTs should result in n-type conducting
behavior, whereas pyridine-type N may produce either a p- or n-type conductor,
depending on the level of doping, the number of N atoms, and the number of
removed C atoms within the hexagonal sheet.

When performing a mixing, BN-doped carbon nanotubes could result; the
electronic band structure is predicted to be between a semiconducting and an
insulating behavior. Different from pristine SWNTSs where the electronic band gap
is primarily controlled by the diameter and chirality in the BN-doped tubes, the
gap could be controlled by chemical composition [37, 39].

To observe genuine quantum effects in doped carbon nanotubes, dopants must
be present within SWNTSs of narrow diameter (<1-2 nm). In addition, we should
point out that a low concentration of either B or N should not alter significantly the
mechanical properties and may enhance electron conduction if the number of foreign
atoms is less than <0.5%. Mechanical properties are also affected by doping.
Hernédndez et al. described the mechanical properties of individual CN and CB,
nanotubes [40, 41], demonstrating that high concentrations of B and/or N within
SWNTs lower the Young’s modulus. Interestingly, the Young’s modulus still
remains in the order of 0.5-0.8 TPa. This phenomenon has been experimentally
confirmed in pristine and N-doped MWNTs [42]. In this context, the Young’s
moduli for pure carbon and N-doped MWNTs are 0.8—1 TPa and ~30 GPa, respectively.
We believe that the low values observed for N-doped nanotubes are due to the
relatively high N concentration (e.g., 2-5%) within the carbon tubes, which intro-
duces defects and lowers significantly the mechanical strength. However, if the N
concentration is <0.5%, one would expect that the mechanical properties will not
be substantially altered.

3.1 Phosporous- and Nitrogen-Doped Carbon Nanotubes

The substitutional doping of the carbon lattice with other chemical elements is also
possible. For example, arrays of multiwalled carbon nanotubes (MWNTSs) doped
with phosphorus (P) and nitrogen (N) (the so-called heterodoping process) were
synthesized using a solution of ferrocene, triphenylphosphine (TPP), and benzylamine
in conjunction with spray pyrolysis [43]. The iron phosphide (Fe,P) nanoparticles
act as catalysts during nanotube growth, leading to the formation of novel PN-doped
MWNTs. The PN-doped structures reveal important morphology and chemical
changes when compared with N-doped nanotubes. These types of hetero-doped
nanotubes are predicted to offer many novel opportunities in the fabrication of fast
response chemical sensors. By using similar approaches other chemical elements
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Fig. 7 (a) EDX elemental mappings for three different types of nanotubes: (a) Pristine pure
carbon nanotubes (CNTs) obtained by thermolyzing toluene (C;H,~CH,) and ferrocene at 850°C
and (b) PN-doped CNTs described in the materials and methods section (see bottom frame).
Samples were mounted on standard aluminum pins in order to have contrast for the carbon map.
It can be clearly observed that the PN samples contain both phosphorus and nitrogen in their
structure, thus confirming the successful synthesis of PN heteroatomic doping. (¢) Molecular
model of a (6,6) PN-doped carbon nanotube in the most stable configuration. Two carbon atoms
are removed for accommodating the P-N defect (adapted from reference 43)

can be used for in-plane doping. The PN-doped samples were examined by high-
resolution electron microscopy and microanalysis techniques as shown in Fig. 7a,
b. Theoretical calculations have pointed out that the most stable structure is to have
a P-N defect incorporated into the carbon lattice as shown in Fig. 7c.

3.2 Preparation of Substitutionally Doped Carbon Nanotubes

The synthesis of doped carbon nanotubes is performed using processes far from the
thermodynamical equilibrium. Basically, there are two approaches used for obtaining
doped tubes: the direct synthesis and postsynthesis exchange reactions methods.
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The former process consists of using carbon sources containing the dopants and the
second makes use of chemical exchange reactions for replacing carbon atoms with
other species in the already formed carbon nanotubes. Later, we briefly describe
these methods.

3.2.1 Direct Synthesis (Single-Step Processes)

Arc Discharge Method. B-doped MWNTs could be produced when arcing either BN/
graphite or B/graphite electrodes in an inert atmosphere such as He and N,. Large
amounts of crystalline and long MWNTs (<100 pm) could be obtained. In some cases,
ill-formed caps containing B occasionally open or exhibit negative curvature regions
[44—46]. In contrast, the production of B-doped SWNTs using this technique is
difficult because B appears to frustrate the tubule growth. Arc experiments using pure
graphite electrodes in a NH, atmosphere indicate that it is also difficult to produce
N-doped SWNTs and MWNTs, possibly because N, molecules are easily created
and do not react with the carbon [47]. Glerup et al. [48] reported the possibility of
growing N-doped SWNTs by arcing composite anodes containing graphite, melamine,
Ni, and Y. These authors also revealed using EELS that the tubes possess low
concentrations of N (<1%), and sometimes the tubes are corrugated due to the
presence of N atoms in the hexagonal network. The authors claim that EELS is able
to detect low concentrations of dopants (e.g., 0.1%). This is mainly because
the spectrometer used is very sensitive and unique. However, additional arc
discharge experiments and more detailed characterization should be carried out.

Laser Ablation. Zhang et al. [49] were the first to report sandwich-like C-BN
nanotubes by laser vaporization of graphite—BN targets. These researchers showed
evidence of BCN layers within the MWNTSs as well as areas of segregated B and
C. Subsequently, Rao and colleagues [50] demonstrated that it is possible to generate
B-doped SWNTs using laser vaporization of B-graphite—Co-Ni targets. The
authors characterized the samples using HRTEM and EELS and found SWNTSs in the
products when the B content in the target material was less than 3 at.%. For
higher B concentrations in the graphite target (e.g., >3.5 at.%), graphite and metal
encapsulated particles were mainly generated and only low quantities of SWNTs
were obtained under these conditions. It may be possible that more energetic lasers
(e.g., CO2 lasers, femtosecond lasers, etc.) should also be tested to generate either
N- or B-doped SWNTs using this technique.

Chemical Vapor Deposition. The thermal decomposition of N-containing hydro-
carbons over metal particles (e.g., Fe, Co, Ni) results in the formation of N-doped
MWNTs or CN_nanotubes. The first report on the formation of aligned arrays of
N-doped MWNTs (<1-2%) involved the pyrolysis of aminodichlorotriazine over
laser-etched Co thin films at 1,050°C [51]. Subsequently, the use of melamine
(triaminotriazine) as a CN precursor resulted in an increased nitrogen content
(<7%) within “corrugated” carbon tubular structures [52]. These results indicated
that it is very difficult to produce crystalline and highly ordered structures containing
large concentrations of N within the hexagonal carbon lattice. CN nanotubes with
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low nitrogen concentrations were subsequently generated via pyrolysis of pyridine
and methylpyrimidine [53]. Unfortunately, these CN. MWNTs are easily oxidized
(e.g., combustion sets in at ca. 450°C in air, whereas pure carbon tubes do not burn
in air below ca. 700°C) [53]. The degree of perfection within graphene sheets is
highly dependent upon the nitrogen concentration (i.e., the lower the nitrogen content,
the more “graphitic” and the straighter the nanotubes become). It is also important
to note that the morphology of N-doped MWNTs exhibits a bamboo-type.

Keskar et al. have prepared isolated N-doped SWNTs from a thermal decompo-
sition of xylene-acetonitrile mixture over nanosized Fe catalyst particles [54]. The
N-dopant concentration is controlled by the amount of acetonitrile in the mixture
[54]. Very recently, long strands of N-doped SWNT bundles (Figs. 8 and 9) were
successfully produced by pyrolyzing ferrocene/ethanol solutions containing small
weight ratios of benzylamine (e.g., from 1 to 22 wt% in ethanol) at 950°C in an Ar
atmosphere [55]. These authors demonstrated that the electron conduction of the

Fig. 8 Scanning electron micrographs of SWNT strands synthesized with (a) 0 wt% and (b) 7 wt%
nitrogen precursor (benzylamine) in the ferrocene:ethanol:bencylamine (FEB) solution (adapted
from reference 55)

Fig. 9 Transmission electron micrographs of samples with (a) 0%, (b) 2%, (¢) 7, and (d) 17%
nitrogen precursor (benzylamine) in the FEB solution (adapted from reference 55)
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N-doped SWNT ropes is very different from that of pure carbon SWNTs, especially
at temperatures lower than 20 K [55]. It is important to note that N-doped SWNTs
do not usually exhibit the bamboo-type morphology, and it is believed that either
B- and N-doped SWNTs contain mainly substitutional-type doping, and in lower
concentration when compared with MWNTs. The latter is because the single-shell
cylinders would collapse (would not grow) if a large amount of foreign atoms are
being introduced into the hexagonal carbon lattice.

From HRTEM, Raman spectroscopy, and TGA analysis, common features that
arise when doping SWNTs with N are: (a) As the N content increases, the diameter
of SWNTSs decreases and only narrow diameter tubes are formed (Fig. 10), (b) the
tubes oxidize faster than the pure C counterparts, (c) corrugation within the tube
walls is sometimes observed (in this case not damaged by the electron beam) and
fullerene-like structures are formed inside the cores of the N-doped SWNTs (Fig.
10d), (d) on rare occasions, bamboo-like SWNTSs could be observed (see arrows in
Fig. 10e). The tube bundles appear to be more easily dispersed following sonica-
tion treatments when compared with pure C SWNTs (e.g., N-doped SWNTs dis-
persed faster than pure C SWNTs with 2-propanol as a solvent; the latter required
twice as long to be dispersed. This is also true for MWNT), and (f) the entangle-
ment of the nanotube strands is reduced as the N content is increased.

To understand the role of N atoms during nanotube growth at the synthesis
temperatures, first-principles molecular dynamics have been performed [56].

Fig. 10 HRTEM images of N-doped SWNTs produced by the pyrolysis at 950°C of a
ferrocene:benzylamine:ethanol solution with a composition ratio of 1.25:7.5:91.25 by weight:
(a-b) SWNT bundles showing that N-doped tubes exhibit more compacted bundles of narrow
diameter tubes. (¢) N-doped SWNT of narrow diameter (ca. 1 nm) exhibiting some degree of cor-
rugation. (d) N-doped SWNT of 1.4 nm in diameter exhibiting fullerene-like structures in its core
(possibly N-doped fullerenes that resulted from the frustrated growth of the inner tubules; see
arrows); and (e) highly corrugated N-doped SWNT of large diameter (1.7 nm) exhibiting internal
bamboo-like closures (see arrows) as well as a symmetric tubule cap (see arrows) (adapted from
reference 43)
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The results showed the rapid formation of pentagons (pentagons form within 1 ps,
notable in the decreased diameter, and persist throughout the entire simulation) at
the growing rim, which results in the subsequent inward bending of the edge structure,
leading to a defected graphitic dome and partial closure of the tubule. Figure 11
depicts snapshots of the dynamics and the time dependence of the average tube rim
diameter when N atoms are substituted at the two-coordinated sites of the tube rim.
After 4 ps of dynamics at 2,500 K, no stable pentagons have formed at the edge and
those that did form during the simulation as a result of an atomic N-N bridge across
the tube end (r = 0.163 ps) were relatively short-lived (<0.1 ps). Also, it clearly
causes a decrease in the local diameter. This suggests that the N atoms remain
included in the nanotube lattice of narrow diameter tubes.

With this experimental information at hand together with first-principles statics
and dynamics calculations, Sumpter et al. [56] demonstrated that nitrogen mediates
the growth of SWNTSs by acting as a surfactant and leads to narrow diameter doped
tubules. The authors also showed that the tube closures, which includes N atoms
embedded in the carbon lattice, are also preferred, thereby suggesting that the pres-
ence of morphologies such as bamboo structures can be triggered by the presence
of N dopants. The inclusion of N inside the tube lattice leads to weaker tube—tube
interactions as well as providing sites where encapsulated or intercalated N can
undergo chemical reaction, which may form smaller fullerene structures that
become encapsulated within the compartment. Metallic tubes were found to be
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Fig. 11 Time dependence of the diameter for a N-doped (8,0) SWNT (top) (N atoms on the rim
at the two coordinated sites). The results are taken from the first-principles MD simulation at
2,500 K. The inserts show snapshots of the structure for the N-doped (8,0) SWNT at 7= 0, 0.163,
and 4 ps taken from the quantum molecular dynamics simulations [56]
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somewhat more energetically stable for N-doping, a behavior that has the potential
to favor sample enrichment.

Although some work has been carried out for producing N-doped SWNTs, further
research on the synthesis of substitutionally doped SWNTs using this CVD
technique needs to be carried out.

It is expected that by using B-containing organic precursors (e.g., boranes, boric
acid, etc.) in conjunction with hydrocarbons and metal catalysts (e.g., Fe, Co, Ni),
MWNTs doped with B could be produced. However, there is still an enormous
amount of experimental work to be carried out to enable control of the B or N content
or both BN as well as the nanotube structure using the CVD approaches.

Spray-pyrolysis technique. PN-doped carbon nanotubes were prepared using as
precursor a solution composed of benzylamine C H,-CH,-NH, (Sigma 99%) as
carbon and nitrogen sources, ferrocene Fe(C.H,), (Sigma, 98%) as catalyst, and
triphenylphosphine P(C H,), (Sigma, 99%) as the phosphorus source. The precursor
was atomized using an aerosol generator and carried by an inert gas flow (argon)
inside a quartz tube with an inner diameter of ca. 24 mm, which was placed inside
a two-stage furnace system. This spray pyrolysis technique is similar to that
described by Pinault et al. [57] and Kamalakaran et al. [58]. The nanotubes were
collected from the soot deposited on the surface of the quartz tube in the region
located inside the furnace. The scanning electron microscopy (SEM) of PN-doped
samples is shown in Fig. 12. It was observed that for a given synthesis temperature,
and by increasing the phosphorus content in the solution, a considerable reduction
in the yield of carbon nanotubes was observed [43].

Fig. 12 Scanning electron micrographs of PN-doped carbon nanotube (CNT) arrays, synthesized
at optimum temperature and carrier gas flow rate and different TPP concentrations. (a) Pristine
N-doped CNTs (sample A); (b) 2.5 wt% TPP (sample B); (¢) 3.3 wt% TPP (sample C);
(d) Substrate side of a PN-CNT mat (sample B; adapted from reference 43)
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Plasma-assisted CVD. The microwave plasma-enhanced chemical vapor
(PECVD) deposition technique has been used to produce large areas of aligned
N-doped MWNTs [59-61]. These experiments involve catalytic particles of Fe and/
or Ni dispersed on silica substrates. During growth at 500°C, acetylene or CH, and
N, or NH, can be used. For producing B- or BN-doped MWNTs, other gases such
as B,H, in conjunction with H,, and CH, could be used as a reacting gas in the
PECVD process [62]. However, these methods have not yet been exploited to
produce substitutionally doped SWNTs.

3.2.2 Postsynthesis Methods

B and N exchange reactions. B- and N-doped SWNTs can also be produced using
partial substitution in the presence of B,O, vapor and N, at 1,500-1,700 K [63]. In
these experiments, B-doped tubes exhibited a B/C ratio of <0.1. However, lower
amounts of N (N/C < 0.01) were also incorporated within the hexagonal frame-
work. In contrast to B-doped MWNTSs, SWNTs do not exhibit preferred chiralities,
possibly because the dopants only substitute individual C atoms within the frame-
work, thus preserving the tubule chirality. It is noteworthy that either B- or N-doped
SWNTs have a corrugated surface, which could be attributed to defects created on
the C surface or to electron irradiation effects (Fig. 13).

Borowiak-Palen et al. have also published the synthesis of B-doped SWNTs
with high concentrations of B [64], in which 15% of the C atoms are replaced by
B. These experiments were carried out by heating B,O, in the presence of pure C
SWNTs and NH, at 1,150°C. However, additional experlments and further studies
on these and smnlar samples should be conducted because the reported amount of
B seems to be high when compared with the solubility of B found in graphite and
MWNTs (<2 wt% B).

The synthesis of B-doped DWNTs was also done by annealing powders together
with pure DWNTs at different temperatures (ranging from 1,200 to 2,600°C;

Fig. 13 (a) HRTEM image of a N-doped SWNT bundle synthesized at 1,533 K over 240 min by
reacting N,, B,O, with SWNT bundles of 1.4-nm diameter. Note the isolated SWNT exhibiting a
diameter of 2. 1 nm, and (b) HRTEM image of a two-tube B-doped bundle synthesized at 1,503 K
over 240 min by reacting N,, B,O, with SWNT bundles. The left-hand tube exhibits a SWNT with
an inner shell (d = 0.7 nm) formed inside the outer shell (d = 1.4 nm) (courtesy of D. Golberg)
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Fig. 14 High-resolution TEM image of DWNT bundles annealed together with B powder at (a)
1,200°C, (b) 1,500°C, and (c—d) 1,600°C. Note that a coalescence reaction between the adjacent
two or three DWNTs starts at 1,500°C with the help of elemental boron addition, which acts as an
atomic welder. (e) High-freqency Raman spectra of B-doped DWNTs heat-treated at tenpretaures
ranging from 1,300 to 2,000°C. When B gets incorporated in the tube wall the D-band increases
in intensity (adapted from reference 65)

Fig. 14) [65]. After 1,600°C, B gets incorporated into the carbon lattice as can be
clearly seen on the rising of the defect-induced D mode in the Raman spectra as
shown in Fig. 14e. B served as an efficient trigger for coalescing nanotubes under
thermal treatment. Theoretical work showed that insterstitial B atoms function as
atomic welders and eventually get incorporated into the tube lattice.
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4 Properties and Applications of Doped Carbon Nanotubes

4.1 Structural Properties

The most useful techniques to study the structure and morphology of MWNTs,
DWNTs, and SWNTs are as follows: (a) high-resolution transmission electron
microscopy (HRTEM), (b) SEM, and (c) scanning tunneling microscopy (STM). To
determine the overall crystalline structure of bundles of carbon nanotubes, X-ray
powder diffraction (XRD) becomes a powerful route. Electron diffraction (ED) has
also proven useful in determining the chirality of tubes (the orientation of the
hexagonal rings along the tube axis: zigzag, armchair, or chiral).

To estimate the dopant concentration within SWNTs, DWNTs, and MWNTs,
analytical techniques associated with HRTEM can be used. In this context, electron
energy loss spectroscopy (EELS) becomes a useful and powerful tool to determine
the stoichiometry of elements in individual nanotubes, as well as the nature of the
chemical bond. Similarly, X-ray photoelectron spectroscopy (XPS) could be used
to determine stoichiometries of elements and their corresponding binding energies.
However, these techniques are generally only accurate and sensitive to elements,
when concentrations are above 1 at.%. Therefore, Raman spectroscopy, which is
sensitive to the incorporation of foreign elements, may provide an efficient route to
determine dopant concentrations lower than 0.1 at.% in SWNTs and MWNTs
(see later). The technique may require significantly more development before a
quantitative evaluation of the dopant concentration can be determined accurately.

The CN, tubular structures produced using the CVD process present unusual
stacked-cone or compartmentalized morphologies (bamboo-type), and the degree
of tubular perfection decreases as a result of the N incorporation into the carbon
lattice. The EEL data indicated two bonding types between N and C, within the
hexagonal network: (1) highly coordinated N atoms replacing C atoms within
the graphene sheets (ca. 401-403 eV), and to pyridinic-type nitrogen (ca. 399 eV,
Fig. 6). It has been found that as the overall N content increases within these structures,
the number of graphitic walls within the nanofibers decreases and the proportion of
pyridine-like N increases (remaining almost constant with the three-coordinated N
atoms). From EEL and XP spectra, it has been estimated that the N content within
the tubes is ca. <10%, commensurate with C)N_(x < 1) stoichiometries.

More recently, Koziol et al. [66] reported an astonishing result, which consists
in the production of highly crystalline thick MWNTs with three-dimensional order
(the concentric cylinders adopt the crystal structure of perfect graphite). These
tubes were produced using a CVD process involving the thermolysis of toluene/1,4-
diazine (C,H/C,H,N,) solutions containing 2 wt% ferrocene (FeCp,) under an Ar
atmosphere at 760°C. Interestingly, the tubes contain 3% nitrogen, but very differ-
ently to previous N-doped nanotubes they exhibit an extremely high crystallinity,
which is very similar to that of 3-D graphite. Subsequent studies confirmed that
these samples were indeed highly crystalline [67], and N, which seems to be
responsible for the dramatic structural order, was found to segregate preferentially
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within the core of the nanotubes. Therefore, researchers should try to test these
novel 3D ordered MWNTs and demonstrate that they are capable of exhibiting
enhanced performance when compared with conventional corrugated N-doped
MWNTs. We still need to understand nanotube growth but doping appears to be an
alternative route to enhance graphitization at relatively low temperatures using
CVD approaches.

Atomic structure of B-doped MWNTs. These tubes are mainly produced using
the arc discharge method because in CVD technique, the B precursors tend to frustrate
the nanotube growth at temperatures below 900°C. As mentioned earlier, the arc-
produced B-doped MWNTs are extremely long (<100 pwm) and usually exhibit open
or ill-formed caps. These caps appear to contain higher B concentrations (as revealed
by EELS analyses), thus suggesting that B acts as a catalyst in the formation of long
tubules. Although it has been difficult to determine the correct binding energy for
B using either EELS or XPS on these systems, it is likely that substitutional B
(three-coordinated) is incorporated in the hexagonal C lattice. In this context, careful
EELS studies (using first and second derivative spectra) have shown that minute B
traces (<1%) are present within the body of tubules [68]. Electron diffraction studies
have shown that these long B-doped CNTs exhibit a preferred zigzag or near zigzag
chirality (e.g., zigzag + 3°) [69, 70]. Static and dynamic ab intio and tight binding
calculations carried out by Blase et al. and Herndndez et al., respectively [69, 71],
demonstrated that B atoms act as a surfactant during the growth of long tubes and
inhibit tube closure during its formation. Therefore, in-plane doping during nanotube
growth may well control the tube chirality.

Bulk XRD studies on B-doped MWNTS reveal the presence of highly ordered
three-dimensional graphite crystals, attributed to ABA... stacking. This observation
has never been observed in conventional pure carbon MWNTs and nanoparticles.
From the (00]) reflections (caused by the presence of parallel layers), two different
average interlayer spacings were observed in these samples (Fig. 15). It was
proposed that one family of these spacings correspond to standard CNTs/nanoparticles
(ca. 3.4 A) and the other type of spacing to AB-stacked graphite (ca. 3.35 A). The AB
stacking observed in nanotubes could arise from concentric B-doped zigzag tubes
exhibiting ABA... stacking or flattened tube domains (also confirmed by the inter-
layer spacing irregularities) [37].

Atomic structure of doped SWNTs. The structure of SWNT bundles doped with
B and N has been recently reported [50, 55, 72]. However, it was difficult to
observe clear morphological changes on the doped tubules when compared with
their undoped counterparts. For B-doped SWNTS, continuous tubules were also
produced, and B coordinated to three carbon atoms are expected [72].

TEM observations of N-doped SWNTs revealed tube diameters around 1.6 nm,
a result that is also consistent with the Raman measurements [55]. Interestingly, as
the N-containing precursor (benzylamine) was added in the CVD solution, the
resulting tubes exhibited narrower diameters (e.g., 0.8 nm). It is also important to
mention that in these materials, it was difficult to detect traces of N using EELS or
XPS. This is because levels below 1-2% of N are below the detection limit of these
instruments. For this reason, it is very important to conduct Raman spectroscopy
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Fig. 15 XRD patterns from the inner core deposits obtained from the BN/graphite arc discharge
experiments compared with pure MWNTs and nanoparticles produced using the arc discharge tech-
nique. The pattern from 40-90 26 degrees clearly shows the high degree of crystallinity of the
B-doped sample [note the (101), (103), and (112) reflections, which denote a three-dimensional
order and a ABAB stacking of the layers]. Also note that the (001) reflection exhibits two peaks cor-
responding to 3.35 and 3.42 A, thus confirming the presence of two different “graphitic” structures
(graphite-like ABAB... possibly from faceted areas of polygonized nanotubes and turbostratic
graphite arising from concentric graphene cylinders — MWNTs; adapted from reference 37)

measurements, TGA analysis, and four-probe electrical conductivity measurements
(see later), and in each of these techniques clear changes in the structure as well as
differences in the electrical response and reactivity of the N-doped SWNT strands,
as a function of the N content, were observed.

For B- and N-doped SWNTs, it was noted that as the B or N content was
increased in the laser target or the precursor solution, respectively, the production
of SWNTs was inhibited. Therefore, only low concentrations (below 2% wt) of
dopants could be embedded in the hexagonal cylinders.

Chirality determination of doped SWNTs and bundles using electron diffraction
has been difficult to carry out, and novel techniques to determine the chirality of
individual SWNTs are being developed.

4.2 Electronic and Transport Characterization

Microwave conductivity studies on bulk B-doped MWNTs (produced using the arc
discharge method) reveal that these structures are intrinsically metallic [73], differing
from standard pure CNTs, which show thermally-activated transport. Subsequently,
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Carroll and coworkers detected for the first time characteristic peaks in the density of
states (DOS) using scanning tunneling spectroscopy (STM) on B-doped MWNTs
produed using the arc method [74]. The peaks that appeared in the valence band
were caused by the introduction of B (which acts as an acceptor) in the carbon
lattice. These authors suggested that BC3 islands, distributed within the tubules, alter
significantly the local density of states (LDOS) from a semimetal to an intrinsic
metal. The results were confirmed using ab initio calculations, indicating that the
changes in the electronic structure are mainly due to the presence of dopant-rich
islands and not due to isolated substitutional B atoms.

STM and STS studies have revealed that N-doped MWNTs are metallic and
exhibit a characteristic peak in the conduction band DOS. For pure CNTs, the
valence and conduction band features appear to be symmetric about the Fermi
level, whereas for the N-doped MWNT an additional electronic feature occurs at
ca. 0.18 eV. This result is in contrast to the B-doped case [75]. It is noteworthy that
the electron donor feature observed in the N-doped material is always seen all along
the doped nanotubes. Therefore, both two- and three-coordinated N (substitutional
and pyridinic, respectively), randomly distributed within armchair and zigzag
CNTs, should lead to these prominent donor peaks close to above the Fermi energy
(at ca. 0.18 eV). Careful ab initio calculations are now underway to explain the
exact type of C-N bond within the tubes. It has been demonstrated that CN nano-
tubes exhibit a metallic-like behavior [76].

Electronic transport measurements on individual B-doped MWNTs reveal a
metallic behavior above 30 K, due to an enhancement in conduction channels
without experiencing strong back scattering [77]. In addition, the dI/dV vs. V curves
of MWNTs exhibit a small peak close to the Fermi level, E., which is associated
with the presence of acceptor states caused by BC, islands. At lower temperatures,
the resistance starts to increase. The results suggest that B-doping induces a p-type
behavior within MWNTs [77].

Four probe measurements carried out in long strands of pure carbon SWNTs and
N-doped SWNTs have been reported recently [55]. The undoped SWNT sample
(0% N) showed a semiconducting behavior over the whole temperature range; the
conductivity decreased exponentially with temperature.

However, for strands of SWNTs containing different nitrogen precursor concen-
trations (0%, 2%, 13%, and 26%), the relative conductivity (+/rRT, where RT refers to
room temperature = 300 K) at very low temperatures is higher as the dopant concentra-
tion is increased. In contrast to the pristine case, the conductivity of the doped samples
did not continue dropping all the way to 0. In addition, and according to the fitting
results, the DOS has been comparatively enhanced at similar energy levels.

In this study it was remarkable to observe that below a certain temperature,
the nitrogen-doped samples did not continue to show the original decrease in
conductivity. In the case of the 23% N sample, the conductivity stopped decreasing
as the temperature dropped below 30 K. The authors mentioned that it was unlikely
that the mechanical stability of the electrical contacts was the cause for this behavior.
However, as the doping level increases, ionized impurity scattering cannot be ignored.
In this context, Latil et al. [38] performed calculations on B- and N-doped
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nanotubes and reported that the mean free path of charge carrier decreases
(increases) linearly with dopant concentration (tube diameter) at low doping levels.
These authors also demonstrated that the electron conduction could also be
enhanced if the amount of foreign atoms is less than 0.5%. The latter suggested that
below 13% of benzylamine in the FEB solution, N-SWNTs with less than 0.5 wt%
of N (not detectable by TEM analytical techniques) could be produced. Above 13%
of benzylamine in the FEB, the generation of tubes with larger concentrations of N
arises, and this creates enhanced quantum interference effects within the tubes, so
that the electrical conduction starts to decrease.

In future, additional and careful electron conductivity measurements should be
carried out. One should also bear in mind that this method could be very efficient
in detecting low-dopant concentrations within nanotubes. However, low-temperature
measurements should be conducted to observe any electron conductance enhancement.
We believe that the electronic transport of doped DWNTs and SWNTs will be
intensively studied in the near future.

Electron spin resonance (ESR) studies have also confirmed the intrinsic metallic
behavior of bulk B-doped MWNTs [78]. In particular, a g-value of 2.002 at room
temperature has been observed for B-doped nanotubes whereas the typical value for
pure CNTs is 2.0189. Furthermore, superconducting quantum interference device
(SQUID) measurements have demonstrated that the bulk material is paramagnetic
(standard carbon tubes are strongly diamagnetic), exhibiting a weak temperature
dependence of the magnetization commensurate with a metallic response.

Thermoelectric power measurements (TEP) are sensitive to the carrier sign and
they have been carried out on mats of B- and N-doped MWNTs [79]. These studies
indicate that the TEP of B-doped MWNTs is positive, thus indicating hole-like
carriers. In contrast, the N-doped tubes exhibit negative TEP over the same tem-
perature range, suggesting electron-like conduction [79]. These results could be
correlated to the DOS for B- and N-doped MWNTs. It is important to note that
as-produced pure carbon MWNTs exhibit positive TEP, which has been attributed
to the presence of oxygen dopants within the tube mats. If the sample is left in
vacuum for 94 h, the TEP signal decreases considerably [79]. In this context, it is
important to note that TEP studies for SWNTs have been able to indicate clearly
alkali metal intercalation [80] and O contamination (or doping) [81]. Recently, Rao
and coworkers [72] demonstrated that B-doped SWNTs (produced using the laser
technique) display positive TEP values, thus implying the presence of holes (as for
B-doped MWNTs). One should emphasize that these clear changes in the TEP
occurred for very low B concentrations (e.g., 0.05-0.1 at.% B), too low to be
detected with EELS or XPS. Therefore, TEP measurements are extremely sensitive
to low doping levels of B (or N) within SWNTs and MWNTs.

It is clear that thermal conductivity measurements on B- and N-doped carbon
nanotubes with different dopant concentrations also need to be performed. By changing
the doping level, the electronic and thermal properties would vary drastically, since
the conductivity of undoped nanotubes is dominated by the lattice. Further studies of
B-doped SWNTs and B- (N-) doped DWNTs need to be performed to elucidate the
transport characteristics of these doped 1D systems.
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Carbon nanotubes are amphoteric [ability to accept (donate) electrons from (to)
dopant species] materials as unveiled by Raman scattering [23] and electrical resistivity
data [82]. Lee et al. [82] found that room-temperature resistance decreased by several
orders of magnitude in potassium-doped SWNT bundles relative to pristine bundles.

4.3 Vibrational Properties (Resonant Raman Spectroscopy)

Raman spectroscopy is a well-established and widely used technique for characterizing
carbon nanotubes, being capable of providing information more than other available
techniques. This spectroscopy allows one to readily probe the structural, vibrational,
and electronic properties of single-walled, double-walled, or MWNTs [83-87] and
is sensitive to the environment in which the nanotube resides — isolated, bundled,
or doped forms. The low dimensional (1D) nature of carbon nanotubes lends its
distinct Raman features that are significantly different from those exhibited by
other forms of carbon. The Raman spectra for SWNTs and DWNTs contain four
important Raman features as follows [88]: (1) The radial breathing mode (RBM) in
which all carbon atoms vibrate in phase in the radial direction of the nanotube.
Its frequency @,,, is related to the nanotube diameter d, as @, ~ 1/d. (2) The
tangential G-band, which is derived from the in-plane Raman-active mode present
in graphite at ~1,580 cm™ and its line shape for a semiconducting SWNT, is very
distinct from that of a metallic SWNT [89]. Detailed analysis of these line shapes
are important for studying doping-induced changes in the vibrational and electronic
properties of carbon nanotubes [90]. (3) The disorder-induced D-band that is
associated with any defect that breaks translational symmetry, and (4) its second-
order harmonic, the G’-band. The bands labeled M and iTOLA are second-order
modes originating from double resonance process. Their frequency depends on
tube geometry and its physics is clear for isolated tubes. In bundled samples they
carry out the averages over many tubes and their relatively weak intensities somewhat
prevent their use as a probe for studying carbon-doped systems. The Raman spectra
in carbon nanotube is mediated via a resonance process in which the energy of the
incident or scattered photon matches interband transition energies E, [88].

The dopant-induced interactions (whether it is an inorganic species such as an
alkali metal donor or a halogen acceptor, or an organic polymer chain or a DNA
strand, or a substitutional atom such as B and N) will perturb the Fermi level of the
nanotube through charge-transfer effects. Since electrons and phonons are strongly
coupled to each other in resonance Raman spectroscopy, these perturbations will
influence the various Raman modes present in carbon nanotubes, similar to what
has been observed in the sp? hybridized carbon (graphite) intercalation compounds
[22]. Doping of carbon nanotubes with electron donors or electron acceptors is a
very active field, and much effort has been dedicated for understanding and control-
ling the electronic properties of SWNTs [91-93]. Next, we discuss some clear
examples on how this technique is used for probing modifications of the nanotube
surface, such as by the introduction of surface species and the charge-transfer
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effects resulting from the doping. Bundles of SWNTs or DWNTs offer at least three
different sites where dopant atoms/molecules can reside without substituting the
carbon atoms in the nanotube cage with dopant atoms. These sites are schemati-
cally shown in Fig. 1. If the end caps of the tubes in a bundle are opened, the dopant
may reside inside the tubule cores. These sites are called the endohedral sites.
Regardless of the endcaps being opened or closed, the interstitial sites and groove
sites are always accessible. In the case of substitutional doping, the dopant atoms
substitute for the carbon atoms in the framework of a single SWNT.

4.3.1 B and N Doping

For B-doped SWNTs produced using the laser technique that was described earlier
[72], the overall effect of the boron incorporation primarily leads to (1) a systematic
increase in intensity of the disorder-induced band (D-band) upon boron doping
(Fig. 16), with increasing D-band intensity observed for higher doping levels, (2) a
systematic downshift in the G'-band frequency due the relatively weaker C—B bond,
and (3) a nonlinear variation in the RBM and G'-band intensities, which is attributed
to shifts in resonance conditions in the doped tubes [72]. Resonant Raman spectroscopy
thus provides large changes in the intensity of prominent features even when the
dopant concentration is below the detectable limit of EELS (0.05-0.1 at.%),
although and as mentioned earlier TEP data also provided complementary evidence
for the presence of a small boron concentration in the SWNT lattice, which trans-
forms the SWNTs into a permanently p-type material.

The Raman characterization of long-strand N-doped SWNTs has been recently
reported and the RBM spectra are shown in Fig. 17a. By observing the RBM evolu-
tion it can be concluded that the formation of large-diameter tubes (region A) is
prevented by the amount of N precursor. The D-band to G-band ratio increases as
the amount of N precursor increases as shown in Fig. 17b. Since it is not possible
to separate in the D-band profile the contribution of specific defects, the I /I, result
indicates that the nanotube wall is getting more disorders, and in part this effect
should be related to the incorporation of N atoms in the carbon lattice [55]. For
in-plane doping extracting the information on charge transfer from the G-band
frequency shifts is more complicated than that for intercalated systems. This is
because for the substitutional doping, the carbon nanotube atomic structure and
electronic bands are affected very much and the phonon frequency is affected also
by the lattice distortion because of different chemical nature of the dopant.

The Raman features that are most affected due to the nitrogen doping are as
follows: (1) the intensity of RBM, which is much lower in nitrogen-doped SWNTs
than in pristine SWNTs. The nitrogen dopant most likely hinders the collective
in-and-out movement of the carbon atoms (breathing mode) in the nanotube.
(2) The modes associated with defects in the lattice, i.e., D-band and D'-bands
become strongly Raman active with increasing nitrogen concentration in the feed.
Collectively, the data set in Fig. 17 seems to suggest substitution of nitrogen atoms
within the nanotube network. The amount of nitrogen actually incorporated into the
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Fig. 16 Room-temperature Raman spectra of products generated from targets with indicated
boron concentrations using the laser technique. All Raman spectra were excited using the 514.5-
nm excitation energy. Each spectrum in the figure was normalized to the tangential G*-band
intensity, and the peak frequencies were determined from a Lorentzian line shape analysis
(adapted from reference 72)

tube lattice is unknown but it should be less than <1 wt%. The D/G Raman intensity
ratio dependence on N precursor concentration in the FEB solution may provide a
means to estimate the N concentration in the sample, after more detailed studies are
carried out. Temperature-dependent electrical conductivity indicates that SWNTs
are doped with N.

The doped nanotubes are also important for unveiling new features of the Raman
spectra of nanocarbon-based systems [94]. When DWNTs are annealed at high
temperatures, a very sharp mode is observed at about 1,850 cm™ (Fig. 18) that has
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Fig. 17 (a) RBM spectral region for samples with different initial N precursor (benzylamine)
concentrations in the FEB solution. The laser energy is always £, = 1.82 eV (678 nm). Each
spectrum is the result of repeating the same experiment five times at different spots on the sample
and averaging the results. Note how the intensity of the low-frequency peak decreases as the initial
N precursor concentration increases. (b) Integrated D-band to G-band intensity ratios for four
different £, as a function of initial nitrogen precursor (benzylamine) concentration (adapted
from reference 55)
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Fig. 18 Raman spectra taken at 2.33 eV on DWNT samples heated in an inert atmosphere at dif-
ferent temperatures (1,000, 1,300, 1,500, and 2,000°C). At 1,300 and 1,500°C the CIM feature
located at 1855 cm™ and its harmonic at 3690 cm™' appears (adapted from reference 95)

been called the coalescence-induced mode. The resonance Raman window for this
mode has a maximum at about 2.2 eV [95]. By comparing the resonance Raman
experimental results with first-principles calculations for the vibrational frequency
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and the energy gap, it was proposed that the CIM feature is associated with short
carbon chains with an odd number of atoms, interconnecting the nanotube
surfaces.

4.3.2 Nonsubstitutional Doping

The doping with alkali metals such as K, Rb, and Cs leads to a softening (or downshift)
of the G-band frequencies and is accompanied by dramatic changes in its line shape
[23, 84]. The downshifts in Raman frequencies provide evidence for charge transfer
between the dopants and SWNT bundles, indicating an ionic character for the
dopant-SWNT bonds. The intercalation of other metals such as silver (Ag) into
SWNT bundles has also been studied and the downshift in the tangential G modes
indicates that electrons are transferred from the silver atoms to the SWNTs [96, 97].
The D-band intensity did not change, thus indicating that Ag was not covalent
functionalized in the tube wall. Calculations based on ab initio methods support this
experimental observation.

An opposite behavior, compared with SWNT/Ag system, was observed for
SWNT/CrO,. The upshift observed for the G-band indicates an effective stiffening
of the C-C bonds due to charge transfer from the SWNT bundles to the well-known
oxidizing CrO, species. By analyzing the disorder-induced (D-band) mode located
at about 1348 cm! for pristine and SWNT/CrO, we get further information about
the interaction between SWNT and CrO.. When the CrO, is attached to the SWNT
sidewall, the translational symmetry is broken and this contrlbutes to enhancing
the D-band intensity and linewidth when compared with the pristine SWNT.
The linewidth of all the modes increases, thus indicating that the system becomes
disordered due to the CrO, attachment to the tube walls. Thus, the carbon atom to
which the Cr is bonded eXhlbltS a sp’-like hybridization, breaking the symmetry
and thus enhancing the D-band intensity. From a theoretical standpoint, these
results are often discussed within the framework of a rigid band model, whereby it
is assumed that there is no modification to the E, values of a SWNT through the
doping process, but the Fermi level is shifted very significantly by the addition of
electrons and holes [23, 98].

We should comment that the effects of doping on the phonon frequencies of
carbon nanotubes are similar to graphite only for high doping level. The frequency
shifts observed in doped carbon nanotubes as a function of doping level are not as
clear as in graphite intercalation compounds [22]. Recent studies showed that for
both isolated and bundled SWNTs, there is an anomalous change in the C—C bond
length upon doping with alkali metals [99, 100]. Four regimes have been identified
in the behavior of the Raman frequencies of SWNT modes as a function of doping
concentration [99]. For low-dopant content, the intercalant adsorption mainly
occurs on the outside surface of the bundle and the frequencies do not change.
In the second regime of dopant concentration, the G-band frequencies increase
and the RBM intensity is suppressed. In the third regime, the frequency of the
G-band decreases with a continuous loss in intensity. Finally, in the fourth regime,
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the G-band frequency remains constant, thus indicating the saturation regime.
These results are different from GICs for which the downshift is monotonic and this
difference in behavior should be related to curvature effects of nanotubes and to
the bundling effect. The C—C bond lengths along nanotube axis and along the
circumference are differently affected by the doping and they have a nonlinear
behavior, thus exhibiting either contraction or expansion depending on the doping
concentration [101]. For small doping levels nonadiabatic effects are very important
and the Raman shift of both metallic and semiconducting tubes upon doping
behaves anomalously compared with what we discussed earlier [102, 103]. In the
regime of high doping level the dominant effect on the Raman shifts comes from
the spring constant.

Resonant Raman scattering data of Br, adsorbed by high-purity bundled DWNTs
(essentially free of catalyst particles and SWNTSs) were analyzed by considering the
effect of doping on the electronic transitions [24]. The use of different laser lines
allowed the study of different configurations of outer/inner tubes separately, such
as M/S and S/M [outer/inner metallic (M) and semiconducting (S)] tubes, and to
contrast the difference in screening effects for these two cases. Both decreases and
increases in the RBM intensity due to bromination are observed and attributed to
the shift of electronic transition values E.. A joint theoretical and experimental
study of exohedral chemically doped double-wall carbon nanotubes demonstrates
charge transfer-mediated electronic properties [104]. Both theoretical and experi-
mental findings converge to the existence of a real nanoscale coaxial cable with a
semiconducting inner tube screened by a metallic outer shell. These coaxial cables
are promising for hybrid electronic and optical devices where the conduction of the
outer shell is tuned through doping and the optical properties (such as photolumi-
nescence) of the inner semiconducting tube are preserved as recently shown for
fluorinated DWNTs [105].

To support our theoretical predictions, we carried out resonance Raman scattering
(RRS) experiments on doped DWNTs with different species (Br, and H,SO,).
The experimental results obtained with RRS are suitable for such comparisons
since the Raman spectral profiles are very sensitive to charge-transfer effects.
Furthermore, by using the diameter-selective resonance Raman effect, it is possible
to clearly identify the outer/inner configuration that is being probed for a given laser
excitation. It should be pointed out that some of the resonant inner and outer tubes
observed do not correspond to the same DWNT, but from the diameter distribution
it is very likely that a significant portion of the DWNTs in the bundled sample, both
inner and outer tubes from the same DWNTs, answer to the same excitation energy.
Future experiments on isolated DWNTs will address this point.

Calculations based on ab initio methods allowed to get a deep understanding of
the doping process of the inner and outer shells. In Fig. 19, we display a plot of the
electronic charge density difference (p toped ~ Pundopea) 0N @ plane perpendicular to
the (a) (18,0)@(28,0) and (b) (17,0)@(27,0) nanotube pairs to visualize spatial
charge distribution. The plotted charge difference shows the extra holes located in
the system after doping. For the (18,0)@(28,0) DWNT, there is a clear delocalization
of charges (holes) onto the nanotube systems and a charge redistribution on the
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Fig. 19 The calculated electronic charge density difference Paopea — ) of Br,-doped

pundo ed
DWNTs. (a) Electronic charge density of Br,-doped (18,0)@(28,0) DWNTs gitting on a plane

perpendicular to the DWNT tube axis. (b) Same as in (a) except that the data is for (b) (17,0)@
(27,0) DWNT. The charge density at the position close to Br, has been saturated. The white circles
refer to the carbon nanotube cross sections and the white ellipse is the position of Br,. The lower
panels give the ranges of charge density differences for the two figures (reprinted with permission
from [104]. Copyright American Chemical Society)

semiconductor tube. A net transfer of charge occurs primarily on the inner metallic
tube. This result is in clear contrast with the charge distribution for the (17,0)@
(27,0) pair, as shown in Fig. 19, where there is very little spillover of charge onto
the inner tube and most of the charge (holes) is located around the outer metallic
shell. This indicates that the inner semiconducting tube for the (17,0)@(27,0)
DWNT is weakly affected by the presence of the exohedral doping.

In Fig. 20, we show the experimental G-band Raman spectra for Br,-doped
DWNTs excited with different laser lines. The laser lines were selected to probe the
metallic outer/semiconducting inner (E, = 1.58 eV) and semiconducting outer/
metallic inner (E, = 2.33 eV) configurations, which allows to confirm the
theoretical predictions presented earlier. Although both semiconducting and metallic
tubes are contributing to the spectra, the G-band of undoped DWNTs shown in Fig.
3a has a complex line shape, but we can identify the contribution of inner and outer
tubes because the splitting (Aw = @,* — ®,) between the G* and G~ modes exhibits
a different diameter dependence for metallic (A = 79.1/d?) and semiconducting
(Aw=47.7/d?) tubes [106]. The average diameter of both the inner and outer tubes
is easily identified in the RBM spectra and the splitting defined earlier is easily
tracked experimentally. We can thus observe that for the pristine sample there is a
weak and broad Breit-Wigner-Fano (BWF) tail peaked at about 1,485 cm™' (dotted
line in Fig. 20a). This BWF tail in the Raman line shape is typical of small-diameter
metallic tubes and originates from the inner tubes that are metallic [106]. The large
splitting Aw = @, — @, ~100 cm™ is consistent with the average diameter of
the inner metallic tubes as measured by their RBM spectra. After Br, doping, the
experimental G-band profile is significantly modified. First, we observe a considerable
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Fig. 20 Tangential G-band for pristine and Br,-doped DWNTs. (a) Experimental G-band Raman
profile of pristine (red) and bromine doped (blue) DWNTs for the metallic inner/semiconductor
outer configuration. (b) Same profile as in (a) except for the semiconductor inner/metallic outer
configuration. The laser excitation energies used to excite the inner and outer tubes for the two
cases are indicated (reprinted with permission from [104], copyright American Chemical Society)

line broadening, which suggests that contributions from metallic and semiconduct-
ing tubes are affected differently by the doping. It is clear that for the pristine
undoped sample, the BWF peak due to the metallic inner tube is identified and it
does not overlap with the modes of the outer semiconducting tube because of their
very different Aw = @,* — @, discussed earlier. We note that the BWF profile for
the inner tube is strongly affected by the Br, adsorption. Its frequency exhibits a
large upshift from 1,485 to 1,545 cm™! (see arrow in Fig. 20a). Strikingly, when
the sample is doped with Br,, the G- component is upshifted in frequency, thus
indicating extra holes on the nanotubes. Furthermore, the peak at 1,575 cm™ in the
undoped sample (attributed to the semiconducting outer tubes) also experiences
an usphift in frequency (see arrow in Fig. 20a) indicating that semiconducting
outer tubes are also being affected by the doping in agreement with theoretical
predictions. These upshifts are related to a direct electron charge-transfer process
from the nanotube to the acceptor Br, molecules. These results indicate that metallic
nanotubes are very sensitive to doping even when they are surrounded by a semicon-
ducting tube. The observed behavior is in full agreement with the theoretical
predictions discussed above for the (18,0)@(28,0) DWNT.

Turning to the S@M system, we show a typical G-band Raman spectra in Fig.
20b taken with E, = 1.58 eV. The profile is typical of semiconducting nanotubes
and after Br, doping there are little or no changes in the G-band spectra regarding
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frequency and line shape. The absence of frequency shifts is an unambiguous
indication that the inner tubes are only weakly affected by the doping when the
outer shell is a metallic tube. Again, this observation comes in full agreement
with the theoretical prediction made by the ab initio calculations for the (17,0)@
(27,0) DWNT. A similar screening effect was experimentally observed for H,SO,-
adsorbed DWNTs [107].

4.3.3 Wider Applications of Doped Nanotubes

In this section we briefly review some possible applications of different types of doped
carbon nanotubes (MWNTs, SWNTs, or DWNTSs). Depending on the application the
performance of doped nanotubes is superior to that of their undoped counterparts.

Purification and separation. Since the preparation methods are not yet able to
selectively produce metallic nanotube the development of efficient purification and
separation methods is a very important step in nanotube-based technology at the
present time. Several methodologies have been employed aiming to waste remaining
catalyst particles and amorphous carbon from the nanotube mat. Much progress has
been done in using functionalization with organic molecules as a purification
method. The functionalization with azomethine ylides has been used to purify
nanotubes. The treated samples were found to be free of amorphous carbon whereas
the catalysts content was found to be less than 0.5% in weight [108]. Functionalization
with DNA has been employed to disperse and separate metallic from semiconducting
nanotubes. There is a large molecular library consisting of single-stranded DNA
(ss-DNA). By exposing the aromatic nucleotide bases from the ss-DNA they can
interact with the tube wall through nt-stacking interaction [109]. The ss-DNA (right- or
left-handed) goes warping the tube guided by aromatic rings from nucleotide basis
arrangement that tends to be close to the tube surface. The phosphate groups of the
DNA negatively charge the nanotube surface that in turn is controlled by the DNA
sequence. The charge density on the tube wall is high for semiconducting tubes because
in metallic ones an opposite image charge is created. Since the systems are differently
charged the ion-exchange liquid chromatography technique can be used for separating
metallic from semiconducting tubes. The analysis of the separated fractions on the
chromatography column indicates that the samples are either semiconducting or
metallic-enriched, thus indicating that the DNA-mediated separation process is
efficient. Furthermore, the anionic-exchange process also allows one to separate
different tube diameters and lengths because the position in the chromatography
column depends on the amount of induced charge in the tube. Raman scattering
studies on these fractions have proven the DNA-mediated diameter separation process
[110]. These dispersed carbon nanotubes exhibit photoluminescence properties, and
these properties have been used for building extremely sensitive sensors able to detect
changes in the polymorphism of DNA when exposed to very small concentration
of Hg* counter ions [111].

Field Emission devices. Carbon nanotubes could easily emit electrons from their
ends when a potential is applied between a CNT surface and an anode. In this context,
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Fig. 21 J versus E emission characteristics measured in parallel plate configuration of the
B-doped MWNT films and comparable films of pure carbon arc-produced MWNTs. The plate
area was 0.25 cm? Inset side view of localized states at the edges of a boron saturated zigzag
(9,0) carbon nanotube computed using ab-initio calculations. The work function of this tube is
1.7 eV lower than that of the same nanotube made exclusively of carbon atoms (adapted from
reference 112)

Charlier et al. [112] demonstrated experimentally and theoretically that B-doped
MWNTs exhibit enhanced field emission (turn-on voltages at ca. 1.4 V/um) when
compared with pure carbon MWNTS (turn-on voltages at ca. 3 V/um) (see Fig. 21).
This phenomenon is thought to be due to the presence of B atoms at the nanotube
tips, which results in an increased DOS close to the Fermi level. Theoretical tight
binding and ab initio calculations demonstrate that the work function of B-doped
SWNT is much lower (1.7 eV) than that observed in pure carbon MWNTs. Similarly,
it has been demonstrated that bundles of N-doped MWNTS are able to emit electrons
at relatively low turn-on voltages (2 V/um) and high current densities (0.2-0.4 A/cm?)
[76]. More, recently, individual N-doped MWNTs have also shown excellent field
emission properties at 800 K, experimental work functions of 5 eV, and emission
currents of ca. 100 nA obtained at £10 V (Fig. 22) [113]. Therefore, additional
research on field emission properties of doped nanotubes should be carried out and
other types of tubes (either SWNTs of DWNTs) should be tested in this respect.

Li ion batteries. Lithium is an alkali metal, which could donate electrons from
Li*, and has proved to be extremely important for the fabrication of lightweight and
energy-efficient batteries. When using graphite-like materials in Li ion batteries,
the ions are intercalated between the graphite layers, so that Li* migrates from a
graphitic anode to the cathode (usually LiCoO,, LiNiO,, and LiMn,0O,). The Li
storage capacity in graphite is ca. 372 mAh/g (LiC,), and the charge and discharge
phenomenon in these batteries is based upon the Li* intercalation and deintercalation
[114]. At present, several electronic companies commercialize these batteries in portable
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Fig. 22 TEM image of an individual N-doped MWNT taken after the filed emission measure-
ments; (inset) image of the end cap of the nanotube shown in (a) with a radius of ca. 8 nm. The
dark contour connecting the two main walls at the end of the nanotube could indicate a closed cap,
and (b) a stable emission profile of the tube shown in (a) obtained at 800 K. Note that the current
fluctuations occurred after the heating were stopped as shown in the plot. Here, the extraction
voltage was adjusted by maximal = 10 V to obtain approximately 100 nA of emitted current. The
corresponding emission patterns before and after heating recorded with a microchannel plate and
a phosphor screen positioned 1.5 cm in front of the emitter are also depicted (adapted from refer-
ence 113)

computers, mobile telephones, digital cameras, etc. Interestingly, Endo et al. [114]
demonstrated that B-doped vapor-grown carbon fibers (VGCFs) and carbon
nanofibers are by far superior compared with any other carbon source present in the
graphitic anode inside Li-ion batteries. This effect could be due to the fact that the
population of Li ions has a stronger affinity in the B-doped sites, thus resulting in
a higher storage efficiency. N-doped CNTs and nanofibers have also shown efficient
reversible Li storage (480 mAh/g), much higher when compared with commercial
carbon materials used for Li* batteries (330 mAh/g) [115].
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Gas sensors. Since 1998, it was demonstrated by various groups [116—118] that
pure carbon SWNTs and MWNTSs can be used to detect toxic gases and other
species, because small concentrations of these species are capable of producing
significant variations in the nanotube conductance, thus shifting the Fermi level to
the valence band and generating hole-enhanced conductance [116]. However,
N-doped MWNTs appear to be more efficient in this context because they are able
to display a fast response (order of milliseconds) when toxic gases and organic
solvents are approached [119]. In all cases, an increase in the electrical resistance
is caused by the presence of molecules strongly bound to the nitrogenated sites
present within the CN_nanotubes (Fig. 23). From the theoretical standpoint, a
decrease in the DOS at E, is observed, which is an indicative of lower conduction
and chemisorption. Therefore, CN_nanotubes (MWNTs) could potentially be more
efficient in detecting quickly gaseous hazardous species due to the presence of reactive
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Fig. 23 Molecular models of a (5,5) carbon nanotube doped with pyridinic sites on their surface
and molecules adsorbed on the vicinity of this region for (a) OH groups and (b) NH, molecules.
(c, d) Plots of resistance vs. time for ammonia for N-doped MWNT sensors: (c¢) It is clear that
the sensor is sensitive to ca. 1% of NH.,. In this case a clear chemisorption is observed, which
can be attributed to the strong interactions between the pyridinic sites of the tube surface with
the NH, molecule; (d) graph indicating the response time for ammonia gas (4.7%; (adapted from
reference 119))
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sites on their surface. Therefore, B-doped and other doped CNTs need now to
be tested for this particular application.

Polymer composites with doped nanotubes. To fabricate nanotube composites
exhibiting high performance, the formation of stable tube surface-polymer interfaces
is crucial. In this case, the surface of highly crystalline MWNTS tends to be similar
to graphite, and chemically “inert.” Therefore, surface modification treatments are
required so that efficient tube-matrix interactions need to be established [120].
In this context, the creation of nanotubes containing a few number of foreign atoms
in the hexagonal network such as N or B could circumvent this problem. In some
cases, the mechanical properties would not be altered significantly because
these “doped” structures would preserve their outstanding mechanical properties
since the level of doping is low (<1-2%) (see earlier). Preliminary studies on the
preparation of epoxy composites using N-doped MWNTs revealed an increase of
20°C in the glass transition temperature with incorporation of 2.5 wt% of CN_
MWNT using dynamic mechanical thermal analysis (DMTA) [121]. More recently,
it has been demonstrated that it is possible to grow polystyrene (PS) on the surface
of N-doped MWNTs using atomic transfer radical polymerization (ATRP) [122]
and nitroxide-mediated radical polymerization [123] without using any acid treatment.
These polymers grown on the doped nanotube surfaces are also known as polymer
brushes and could be dissolved in organic solvents (Fig. 24). The latter clearly
demonstrates that in-plane doping is important in the establishment of covalent
bonds between the nanotube surfaces and polymer chains. Recent mechanical and
electrical tests have demonstrated that PS-grafted CN nanotubes exhibit enhanced
properties when compared with mixtures of PS and pristine CN_tubes (Figs. 25
and 26) [124]. These studies are now motivating further work in the fabrication of
robust and conducting composites.

The doped carbon nanotube composites have also been used in energy-related
applications. The charge transfer between carbon nanotubes and pendant ferrocene
groups is used for converting the solar energy into electric current via photoexcita-
tion process [125].

4.3.4 Efficient Metal Surfaces for Anchoring Molecules

Recently, it has been possible to create active nitrogen-rich sites for the efficient
covalent anchoring of proteins [126], Au [127], Ag [128], Fe, and Pt clusters [129]
to the surfaces of N-doped MWNTs (Fig. 27). It has been demonstrated that the
doped tubes are much more efficient than pure carbon nanotubes. Therefore, novel
catalytic applications with these deposited clusters should now be tested.

Toxicity of doped carbon nanotubes. The doping effects have dramatic
effects on the toxicity of carbon nanotubes to mouse. Comparative toxicological
studies of CN MWNTs and pure carbon MWNTSs on mice have been carried out
[130]. Several routes of administration were tested (nasal, oral, intratracheal,
and intraperitoneal). In comparison with previous studies using SWNTs, the new
results demonstrated that CN_tubes appear to be far less harmful. For example,
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sh

Fig. 24 (a) Polystyrene-CN,_Nanotubes suspensions: Solubility differences in toluene between
physically mixed PS and CN_ tubes, and PS-CN_ brushes obtained via NMRP method; (b)
Reaction scheme for the NMRP reaction for producing the PS-CN _tubes brushes; (¢, d) TEM
micrographs showing the PS-CN  brushes obtained by the scheme showed in (b); note the uniform
coating of PS on the tube surfaces (adapted from reference 122)

using extremely high doses of CN nanotubes (e.g., 5 mg/kg), no lethal effects
were observed on the mice, which is in contrast to previous reports using
MWNTs or SWNTs [131].
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Fig. 25 SEM micrographs of the CN, MWNTSs/PS nanocomposites after breaking at ambient
temperature; (a) PS-grafted-CN /PS nanocomposite with white circles indicating cut tubes, (b)
a-CN /PS nanocomposite. The black circles indicate holes or pulled out tubes. On the right side
is represented the proposed mechanisms of fracture (Courtesy of B. Fragneud)

Pure MWNTSs appeared to be lethal at all doses tested for intratracheal instillation,
whereas CN. MWNTs were not. The pathological changes induced by pure MWNTs
are more severe than that induced by CN_ MWNTSs; in both, these pathological
changes were dose- and time-dependent (Fig. 28). Both types of nanotubes induce
erosion and disruption of the bronchi epithelium at different levels, concomitant
with a mononuclear inflammatory reaction. Polymorphonuclear cells, when using
5 mg/kg of nanotubes, also induced the arrival of eosinophils. Besides, they induced
epithelial hyperplasia; however, the hyperplasia was more frequent in the mice
challenged with the MWNTs and at earlier times, even if the bronchioli showed an
apparent absence of nanotubes (Fig. 28). Granulomas were seen at late stages with
both types of nanotubes (Fig. 28).

The plausible formation of cyanide groups driven by the interaction of CN_
MWNTs and the mice did not occur. On the contrary, the presence of nitrogen in
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Fig. 26 (a) Experimental conductivity results and fitted scaling law for a-CN_polymer nanocom-
posite with a PS matrix; (b) Youngs modulus — experimental results for pristine CN_PS nanocom-
posites and PS-grafted CN_nanotbe composites; also note the theoretical results calculated from
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Fig. 27 SEM and STEM images (bright- and dark field) of carbon nanotubes decorated with Ag
Nanoparticles (NPs). The first row (a—c) corresponds to CN MWNTs and the second row (d-f)
depicts MWCNTs. Images (b) and (e) correspond to the dark field images of (a) and (d), respec-
tively. Bright-field (using the transmission mode) images are depicted in (¢) and (f). When com-
paring the coverage between Ag-CN MWNTs and Ag-MWNTs samples, it is clear that the
N-doped tubes exhibit a more uniform coating with more monodisperse Ag NPs (5-10 nm in
diameter). Samples using undoped MWNTs resulted in the inhomogeneous coverage of Ag clus-
ters of larger size (10-20 nm in diameter) that tend to agglomerate with other Ag particles and do
not cover the tube due to the lack of reactivity. Arrows in (f) indicate that various undoped
MWNTs do not show any Ag NPs on their surface. This also demonstrates that MWNTs are not
capable of uniformly anchoring Ag NPs (adapted from reference 128)

the graphitic network could be the reason for the CN MWNTs to be less injurious
to a living organism such as a mouse. It is possible to have amino groups on
the surface of the CN_ tubes. It is therefore plausible that these amino groups may
be the reason for expecting a better biocompatibility on the CN tubes when
compared with pure carbon MWNTs (undoped). The two types of tubes exhibit
clear structural differences. For example, MWNTs display a high degree of crystallinity
and therefore are more robust. This crystallinity results in stronger van der Waals
interactions and the MWNTs tend to aggregate easily. Therefore, MWNTs will
agglomerate faster and would create large clumps that result in the death of the
mice by dyspnea. On the contrary, CN nanotubes posses a bamboo-like structure
with a rougher surface, exhibiting weaker van der Waals interactions that result in
the formation of less agglomerates causing much less damage to the lungs of mice
(e.g., they are definitely better dispersed than pure MWNTs). In addition, MWNTs
do not break easily when compared with CN nanotubes. This mechanical enhance-
ment in MWNTs could also increase the damage in the mice tissue and therefore
become more hazardous because they damage the epithelium. Finally, the Fe content
within both types of treated tubes is similar (ca. <0.5 wt%), and we could discard
the presence of Fe as the trigger for toxicity.
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Fig. 28 Progressive pulmonary lesions caused by intratracheal instillation of (a) CN MWNTs to
CD1 mice. The panels show hematoxylin- and eosin-stained lung sections from mice treated with
CN_MWNTs at | mg/kg after 24 h and 5 mg/kg after 24 h (Original magnifications were taken at
x2; (b) pure carbon PCMWNTs (undoped nanotubes) to CD1 mice. The panels show hematoxy-
lin- and eosin-stained lung sections from mice treated with MWNTs at 1 mg/kg after 24 h, 2.5 mg/
kg after 24 h, and 5 mg/kg after 24 h. The number of bronchioles of small to large size occupied
by MWNTSs and the magnitude of the deposition are related to the amount of nanotubes instillated
into the lungs. With 5 mg/kg dose, the majority of the bronchioles are involved (adapted from
reference 130)

CN_ tubes could be then used in biochemical applications such as agents for drug
delivery, supports for enhanced enzyme activities, biofilters, virus inhibitors, gene
transfers, etc. However, additional and strict biosafety measures need to be devel-
oped for the production and processing of these nanotubes into new materials. In
addition, the toxicological effects of other types of doped nanotubes should also be
studied in the near future.

A systematic study of cell viability study with ameba and different types of
nanotubes (pure carbon MWNTSs and N-doped MWNTs) was reported by Elias
et al. [132]. They claim that when the cells were incubated with CN_ MWNTs, they
survived and there were no changes in their behavior or morphology at all doses
tested, which differs substantially from the incubation with undoped MWCNTs
(100 pg) where the amebas’ population died after 8 h. These results suggest that
CN_ MWNTs could be biocompatible and that they could be tested for their usage
in various applications, such as cell transporters and drug delivery systems.
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5 Outlook

Doped nanotubes are attractive for developing both basic science and nanotube-based
technology. It was shown that various research groups have worked on N-doped
MWNTs; however, further work is needed along for B- and PN-doped nanotube
systems. It is noteworthy that to exploit fully these novel properties, low concentrations
of dopants (e.g., <0.5%) should be incorporated within these tubes. The illustrated
examples and phenomena clearly demonstrate that the science of doping carbon
nanotubes should be developed further as this is becoming a real interdisciplinary
field. It is easy to realize that physics, chemistry, biochemistry, and materials
science are working together to their mutual benefit developing basic science
and applying the main properties to technology. We should point out that the
physicochemical properties of endohedral and exohedral doped tubes should
continue to be studied, as these materials may also show useful applications in various
technological arenas.

This chapter was intended to motivate new ways of characterizing these complex
systems as the current analytical techniques appear to be limiting the way we could
identify low-dopant concentrations within doped tubes. It seems that Raman
spectroscopy, TEP studies, and electron transport are very sensitive to low doping
concentrations. In addition, reliable methods for producing doped nanotube
samples in a reproducible way are required. It is expected that doped nanotubes
may replace pure carbon nanotubes for specific applications, but additional and
detailed research should continue.

Finally, researchers should be aware that doping of carbon nanotubes may also
occur unintentionally, and this will result in significant changes of the electronic,
transport, chemical, and vibrational properties. Therefore, one should be careful
when carrying synthesis experiments involving noncarbon elements, because these
may get embedded into the hexagonal network of nanotubes and would then
modify the physicochemical response.
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Boron and Boron Carbide Materials:
Nanostructures and Crystalline Solids

Kah Chun Lau, Yoke Khin Yap, and Ravindra Pandey

Abstract Owing to the rapid developments related to the novel B CN. ternary
structures, the pedagogical review chapter has several antecedents as new results
have emerged. Specifically, we will focus on the B C (with x, y = 0-1) hybrid
material where the qualitative trend, in general, can be described by the ratio of
its constituents. There is, however, a significant asymmetric popularity between
the boron and carbon in the scientific literature. Carbon-based structures are well
studied compared with boron-based structures. Consequently, understanding of
the role played by boron in the formation of the B C_ hybrid structures remains
somewhat incomplete. We, therefore, devote a substantial part of discussion on the
boron-related structures with an aim to achieve the goal of a complete understanding
of the physics and chemistry of the hybrid B C material.

1 Introduction

Advances in novel experimental techniques for fabrication and measurements
together with development of new theoretical methods [1] have resulted, not only
knowing the atomistic details of a given structural configuration, but fabrication of
artificial structures that required placement of atoms at specified locations for
tailor-made properties not exhibited by naturally occurring materials. The arrange-
ments of atoms at nanoscale can now be routinely achieved. Both theoretical
and experimental methods have observed a dramatic variation in the physical and
chemical properties of a given material with the size at such length scale. For example,
carbon exhibits novel properties in the form of clusters, fullerenes, graphene
sheet, and carbon nanotubes (CNTs). Likewise, a large diversity in the topological
configurations and properties of boron nanostructures has been reported.
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A brief yet fully readable account of the evolution of the so-called nanomaterials
is beyond the scope of this review due to extraordinary diversity and many intercon-
nections. Here, we restrict ourselves to highlight recent developments in the area
pertaining to a hybrid system consisting of both boron and carbon atoms, B C.
The B C hybrid structures can be considered as a subset of novel ternary hybrid
structures B C N [2]. It is a well-known fact that synthesis of both B C and B C N
structures remains a challenge despite the publication of the first report in 1970s [3]

It is expected that the underlying structural and bonding configurations of the
hybrid B C material will be related to the boron and carbon structures, thereby
exhibiting properties generally derived from the constituent elements. It is therefore
important to review the structural and bonding configurations of the boron and
carbon solids and nanostructures. This is what we propose to do in the following
sections summarizing the basic features and structural properties related to struc-
tures ranging from clusters to nanotubes to macroscopic crystalline solids. It will
be followed by description of the hybrid boron carbide (i.e., B C). We will give a
summary in Sect. 4. o

2 Boron Allotropes: Solids and Nanostructures

2.1 Boron Solids

The understanding of the crystalline phases of the elemental boron solid is not yet
fully established. Unlike carbon, bulk boron cannot be found in nature, and all the
known boron allotropes were obtained experimentally. Within this context, boron
solids can always be considered as fascinating candidates due to their varied
polymorphism in the structural arrangements and complex interplay of the chemical
bonding due to “electron deficiency” [4, 5]. Electron deficiency is defined as the
case where the number of electrons is less than the available atomic orbitals in
the valence configuration of an atom. The consequences [4-6] of an electron-
deficient bonding in a given material may be summarized as follows: (1) The ligancy
(i.e., coordination number) is higher than both the number of valence atoms and the
number of valence orbitals. (2) In the lattice, adjacent atoms increase their ligancy
to the values larger than the orbital numbers [6, 7]. Therefore, the term “electron
deficient” simply suggests that novel structures based on elemental boron are
expected to exist in nature. With insufficient electrons to support a structural
configuration by conventional “two-electron two-center” bonds, the boron-based
compounds generally tend to adopt a novel mechanism to resolve their electron
deficiency through “two-electron multicenter” bonds, which are topologically
connected in a complex networks [4, 5].

Relative to carbon, the crystalline phases of boron are among the most complex
structures reported for a pure element [4, 8], which utilize the icosahedral B ” unit
as a common structural component in the lattice. As shown in Fig. 1, the B,
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Fig. 1 Icosahedral unit-based crystalline boron solids: (top) a-B,,, (center) T-B, , and (bottom) B-B

122

507

icosahedron can be interlinked by strong covalent bonds in a variety of ways to form
several well-known polymorphs such as a-rhombohedral B, (a-B,)) [9-17],
a-tetragonal B, (T-B,)) [11], or B-thombohedral B,  (8-B,,) [9, 14, 16-19]. In spite
of the existence of several crystalline phases, the relative stability between the various
polymorphs and the phase diagram of solid boron needs to be studied [20].

It is interesting to note here that the B , unit is a preferred building block satisfying
the bonding requirement of boron atoms in a given lattice, though an isolated B ,
cluster itself is not stable [21, 22]. To fulfill the electron deficiency in an isolated
B,, unit [23, 24], boron atoms form triangles or polyhedra to share the electrons
among themselves. For example in the o-B , phase, a combination of localized
covalent (i.e., two-center bonds) and delocalized multicenter bonds (e.g., three-
center bonds) appear in the lattice. It can be interpreted as the preservation of the
intrinsic stability of each individual icosahedron through the intra- and intericosa-
hedral bonds in the crystalline lattice (Fig. 2). The energetically stable crystalline
phases, a-B 0 and B-B Los» AT€ found to be semiconductors while the other metastable
solid, T-B,,, interconnected by interstitial boron atoms (Fig. 1) is found to be a
metallic conductor. Although comments have been made about nonmetal to metal
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Fig. 2 The contour maps of the electron density of a-B,, a-B,,rhombohedral solid
(from top to bottom: Al, All, and AIII) showing two-center e N = =y
(2¢) and three-center (3c) bonds. The red region represents -
the high electron density contour, while the low electron den-
sity contour is shown by the blue region. The bonding is rep-
resented by the gray isosurface (Al-2c intericosahedral bond
at 0.95 e/A%, All-3c intraicosahedral bond at 0.77 e/A%, and
Alll-3c¢ intericosahedral bond at 0.60 e/A%) (reprinted with
permission from [25], copyright American Chemical Society)

[14, 15] and nonmetal to superconductor [26—28] transitions, a detailed mechanism
of the phase transition is yet to be reported.

2.2 Boron Nanostructures

In recent years, a large number of studies on various topological configurations of
boron nanostructures, especially boranes [29-33], boron clusters [34—42], nanowires,
nanoribbons, nanowhiskers, and nanotubes [43—45] continue to emerge. To under-
stand the properties of boron nanostructures, discussions considering the basic
features of distinctly reduced dimensionality and corresponding size-dependent
studies are necessary and will be reviewed in the following section.

2.2.1 Boron Clusters

Analogous to the 0D carbon fullerenes, a search for the boron fullerene-like cage
structures has yielded interesting results. Despite the B, unit being the building
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Fig. 3 (a)The 2D to 3D structural transition in boron clusters [48] (reprinted with permission
from [48], copyright Brill Publishing Group), (b) The boron fullerene-like cage structure [49]
(reprinted with permission from [49], copyright American Physical Society)

block for the boron solid, the clusters are generally found to prefer the structural
motifs different from the B " unit, such as 2D planar, quasi-1D tubular, or 3D
double-ring [7, 42, 46—48] motifs shown in Fig. 3. One of the earliest experimental
observation of the cluster [34] was a catalyst for a number of theoretical [38, 39,
46, 50-57] as well as further experimental [35-37, 40] studies on small boron
clusters. Based on a series of photoelectron spectra in the small boron clusters
regime, B (n <5) [41, 58-62], it is now generally accepted that boron and carbon
form a set of complimentary chemical systems the bulk carbon is stable in 2D
graphitic structure and the carbon clusters are characterized by 3D cages, whereas
the bulk boron is characterized by 3D cages and the boron clusters are characterized
by the 2D structures. The high stability of the 2D planar structures over the 3D
structures is attributed to the presence of the effective electron delocalization on the
bonds in the boron lattice [41, 48, 63, 64].

Although the boron clusters in the small clusters regime are well characterized,
fewer studies are available for the large boron clusters [48]. To the best of our
knowledge, the studies of large boron clusters mostly considered simple geometrical
configurations with high symmetries, which do not resemble the fragments of
either crystalline or amorphous bulk boron. Overall, the clusters favor the 2D planar
structure up to 18 atoms and thereafter prefer the 3D tubular or double-ring structural
motifs [42, 48, 65-69]. The 2D-3D structural transition observed at B, reminiscent
of the ring-to-fullerene transition at C, [70-72], suggests that B, may be considered
as the embryo of the thinnest single-wall boron nanotube [42].
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Besides the 3D tubular or double-ring configuration, the boron cage structure,
analogous to carbon fullerenes, has recently been proposed (Fig. 3), opening up the
possibility of a completely new family of boron clusters with high stability in
the large clusters regime. In spite of the instability of pristine B, icosahedral cage,
the boron fullerenes-like cages would be the second example in nature after the
C6o-derived family, with a circular and distinct hollow structure. As has been
pointed out earlier [49, 73], the most stable boron cages reach ~91% of the o-rhom-
bohedral bulk stability. We note that the limit is ~89.9% for the large 3D double-
ring isomer (i.e., infinite strip) whose stability tends to increase with the increase
of the radius of the ring [48, 49, 68, 69, 73]. Among the boron fullerene-like cage
B, clusters with n = 12-300, the B, fullerene-like cage, therefore, emerges as the
most stable cluster with a gap of ~1 eV between the highest occupied and lowest
unoccupied orbitals exhibiting an unusual high chemical stability.

The energetic competition among the 2D infinite strip together with the 3D
double-ring and fullerene-like cage structures is expected to be reflected in the
distinct features of chemical bonding present in the respective configurations. It is
essentially an interplay between saturation of dangling bonds and the curvature
strain associated with these 2D and 3D configurations. One now needs to address
the question of their intrinsic structural stability via both experimental and theoretical
studies of the vibrational and thermodynamic stability. Analysis of chemical bonding
that governs the electron-deficient boron atoms in the large clusters also remains to
be considered in future.

2.2.2 Boron Sheets

It is well known that CNTs are a structural paradigm for all tubular materials. CNTs
can be seen as a cylindrical modification of graphite, which may geometrically be
constructed by cutting a rectangular piece out of a single graphene sheet and rolling
it up to form a nanotube. However, not a single direct clue can be found for boron
nanotubes due to nonexistence of a boron sheet or graphitic-like boron layers in
nature. Above all, studies on boron sheet configurations are limited only to theoretical
ones that have been focused on the pristine 2D infinite plane and the corresponding
finite-size planar structures. The understanding of the physics and chemistry of the
layered crystalline condensed phase of boron remains to be an open question.
Assuming that the formation of BNTs can be analogous to CNTs that are formed
only under kinetically constrained conditions, one can conjecture that: “one of the
main difficulties in synthesizing boron nanotubes appears to be the instability of a
graphene-like boron sheet.” Thus, while waiting for the empirical evidence, first-
principles calculations [25, 74-79] have considered the question of the stability of
the 2D boron sheets (Fig. 4). Taking the guidance from the finite 2D quasiplanar,
convex, and planar boron cluster configurations [7, 48], several types of sheet
configurations based on different structural motifs have been proposed. Instead of
having the unsaturated dangling bonds as appearing in the finite 2D planar boron
clusters, stability of the infinite 2D boron sheet can be attributed to the long-range
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Coulomb forces embedded within its unique 2D crystalline lattice. Owing to the
curvature strain, a boron sheet appears to be more stable than its curvature-derived
nanostructures, namely fullerenes and nanotubes [73-75, 77, 79, 80].

Since the elemental boron solids have neither a purely covalent nor a purely
metallic character, one can argue that the three-centered bonds and the electron-
deficient features of boron [4, 5] should be energetically more competitive and
stable than bonding features with only the sp? hybridization as found in the carbon
graphitic system. Hence, the competing roles played by the three-centered and
two-centered bonding in determining the stability of the 2D boron sheets were
investigated [25, 74-79]. Among the possible configurations that have been studied
[25, 76, 78], the a-boron sheet is found to be the most stable 2D planar boron sheet
representing a combination of both three-centered and two-centered bondings [78,
79]. It is composed of both hexagonal and triangular motifs (Fig. 4) and the cohesive
energy is about ~93% of the a-rhombohedral boron solid [78]. Interestingly, the
results suggest that the pristine boron sheets should be metallic, irrespective of their
different structural motifs [25, 74-79].

Following the a-boron sheet, the next stable configuration is the buckled triangu-
lar sheet [25, 74-77]. It was obtained from the geometry relaxation of a flat

B-BS
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.’C.‘gﬂ.‘t‘i
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Fig. 4 The 2D pristine boron sheet configurations [25, 74-78]: (top) a-sheet and (3-sheet (which
are hybrid of hexagonal and triangular structural motifs), (center) buckled triangular and distorted
hexagonal sheets (i.e., triangle—square—triangle {1221} sheet), (bottom) flat triangular and
hexagonal sheets (reprinted with permission from [76], copyright American Chemical Society)
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triangular sheet through a buckling along the perpendicular direction of the sheet.
Subsequently, the buckling mixes in-plane and out-of-plane electronic states and
can be thought of as a symmetry reducing distortion that enhances binding.
Intuitively, the buckling of boron atoms is a response of the sheet to the internal
stress imposed by the arrangement of the atoms in a perfect triangular 2D lattice.
In an extensive first-principles study by Lau et al. [25, 76, 80], the results find a
stable sheet configuration comprising a network of “triangle—square—triangle” units
(i.e., {1221}) in the lattice. It was derived from a distorted hexagonal lattice of
boron atoms. Similar to the a- and buckled triangular sheet configurations, the
bonding in the distorted hexagonal sheet is characterized by both two-center and
three-center bonds, reminiscent of the electron-deficient features of boron atoms
[25, 76, 80]. Above all, the three-centered (i.e., perfect hexagonal sheet) or the two-
centered bonded (i.e., flat triangular sheet) configurations [25, 74-77] are found to
be energetically less favorable. Unlike carbon, the sp? bonding features are not pre-
ferred in boron sheets due to the partial occupancy of the in-plane sp? bonding states.

2.2.3 Boron Nanotubes

The predicted stability of the boron sheet configurations suggests, in principle, the
feasibility of synthesis of boron nanotubes. In the scientific literature, there is only a
single report [45] of synthesis of BNT showing that the synthesized 1D single-walled
boron nanotubes (SWNT) are extremely sensitive to the high-energy electron exposure
[45]. Thus, besides offering a new class of 1D nanostructures, the experimental
study opened up many unanswered questions on the stability, energetics, and the
electronic properties of the tubular boron structures [45]. Inspired by the so-called
Aufbau principle proposed by Boustani [46], and partly stimulated by the experi-
mental report, several theoretical studies have carried out the search for the stable
tubular configurations of boron. Overall, the results find the stable nanotubes to be
composed of different structures due to the several precursive competing boron
sheet configurations from which the tubular configurations can be derived. Since
the 2D boron sheets are metallic, the simple zone folding scheme suggests that
SWBNTSs should also be metallic, irrespective of their chiralities. Compared with
the other 1D boron nanostructures, e.g., nanowires, nanoribbons, and nanowhiskers
[43, 44], BNTs can be categorized as a new class of topological structure in boron
[7, 77, 81]. While the boron nanowires, nanoribbons, and nanobelts are all found to
be bulk-like (i.e., either in crystalline or amorphous phase) [43, 44, 82], details of
the structural morphology of BNTSs remain to be verified by experiments, in spite
of the theoretical predictions of their stability [74, 75, 77, 79-81, 83-85].

It is interesting to note here that the finite size of boron tubular structures has
also been predicted to be stable among other structural motifs [47, 66, 67, 73].
Spanning from B,, to B, the quasi-1D boron structures (Fig. 5) have been found
to have a finite energy gap between the highest occupied and lowest unoccupied
molecular orbitals [47, 66, 67, 73, 85]. As the cluster size and length of the tubular
configurations increases, the configurational stability increases, but the energy gap
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Fig. 5 The three most stable structural motifs of pristine 2D sheet: a-sheet, buckled triangular
sheet, and distorted hexagonal sheet, and their corresponding pristine single-walled nanotubes
with different chiralities [73-75, 77, 79-81]

decreases approaching to be metallic in the limit of infinite length [73, 85]. We note
that the electron transport in BNTs is predicted to be ballistic [86].

Analogous to CNTs, details of the construction and classification of pristine
infinite SWBNTSs derived from the buckled triangular and distorted hexagonal
sheets can be found following the scheme suggested by Kunstmann et al. [77, 81].
On the other hand, the construction and classification of the pristine SWBNTSs
derived from the oa-sheet can be found in the recently published work [79]. The
reported tubular configurations derived from energetically preferred o-, buckled
triangular, and distorted hexagonal sheets (Fig. 5) show the stability that is about
~90-93% of the a-rhombohedral boron solid.

In contrast to the metallic boron nanotubes that derived from the buckled triangular
and distorted hexagonal configurations [74, 75, 77, 80, 81, 84], the tubular configu-
ration derived from the o-sheet shows variation in electronic properties with variation
in the structural parameters [79]. For example, the energy gap of a small-diameter
semiconducting nanotube decreases as we increase both the diameter and chiral
angle of the tube. The nanotubes with diameter larger than 17 A are predicted to be
metallic as is the case with the a-sheet. Since small-diameter a-nanotube does not
follow the simple zone folding scheme, one needs to examine the variation in the
chemical bonding of the a-nanotube in going from small to large diameter. The
diameter-dependent variation in the bonding features is likely to influence the elec-
tronic properties of a-nanotubes.

The crystalline bundles of BNTs have recently been the subject of a theoretical
study [81] that found the bundles to be metallic. Considering the semiconducting
nature of the boron crystalline solids [14], the metallic BNT crystalline bundles
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appear to represent a new condensed phase of boron. For the case of the CNT
bundles, the Van der Waals interaction between the pristine CNTs is comparable to
that in the graphite layers [87, 88]. On the other hand, the BNTs are covalently
bonded in the bundles via two-centered and three-centered bonds [81], reminiscent
of the two-centered and three-centered bonds representing the intericosahedral
interactions (Fig. 2) in the a-rhombohedral boron solid [13]. Likewise, one might
expect the presence of the covalent bonds in multiwalled BNTS in contrast to the
case of multiwalled CNTs where a weak coupling exists among the walls of nanotube
formed by carbon. Under ambient condition, one can therefore say that the CNT
bundles are sparse in the condensed crystalline phase, while the BNT bundles are
expected to be in a close-packed crystalline phase. Hence, substantial differences
related to the bulk properties of BNT and CNT bundles will be expected. For
example, first-principles calculations on the BNT bundles [81] yield the modulus
of compressibility (i.e., bulk modulus, B) to be ~85-111 GPa [81], higher than
~28-39 GPa of CNT bundles [87] but lower than ~185-220 GPa for boron solids
[17, 89]. The Debye temperature of BNT bundles is predicted to be ~700-950 K at
room temperature [81], compared with that of ~1,219 K for the 3-boron solid [18].

3 Boron Carbide Allotropes: Solids and Nanostructures

Carbon and its related allotropes in both solids and nanostructures are generally
well studied relative to boron and its compounds. In the synthesis of boron carbide
allotropes, the role played by carbon is relatively overwhelming. Therefore, being
a fundamental precursor for both solid and nano structures, the importance of carbon
in the formation of B C| allotropes seems to be unquestionable.

3.1 Carbon Solids

The most convenient classification scheme for the carbon polymorphs is based on
the type of hybridization of the valence orbitals of carbon [90]. Since the energy
differences between the valence orbitals (i.e., 2s, 2px, 2pv, and 2pz) are small, the
mixing of 2s with 2p bonding determines the structural and bonding properties of
carbon solids. Consequently, the diversity of carbon allotropes is associated with the
fact that carbon atoms may prefer sp" (n = 1-3) hybridization [91, 92], rendering sp?
(tetravalent), sp? (trivalent), and sp (divalent) bonds in a given lattice. Each valence
state then corresponds to a certain form of an allotrope, such as (three-dimensional)
spatial structure, diamond (sp?), two-dimensional planar structure, graphite (sp?),
and the third possible state, one-dimensional chain-like carbyne (sp). For diamond,
each carbon atom is sp? hybridized in the tetrahedral structure, arranged either in the
cubic or hexagonal (wurtzite) polymorphs [93, 94].
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In graphite, the sp? hybridization forms in-plane o bonds whereas C-2p_orbitals
prefer the arrangement of the hexagonal crystalline lattice resulting in weakwbonding
of the graphitic layers via the Van der Waals forces at the interlayer distance of ~3.5
A [95]. Because of the subtle interlayer interaction, the energetic stability of these
layered structures essentially depends on the stacking sequences of the individual
graphene sheet. Among the four possible types of stacking sequences, namely the
ABAB (i.e., the Bernal or hexagonal), the AB’AB’ (i.e., orthorhombic), ABC ABC
(i.e., thombohedral), and AAAA, the Bernal type is the most commonly found in
nature [96, 97]. On the other hand, the AAAA stacking has not been observed so far
in the natural graphite, but it is very common for graphite intercalation compounds
such as LiC, and KC, [97].

Carbyne is a one-dimensional chain-like molecular structure and is representative
of the sp-hybridization in the lattice. The quasi-crystalline structure consists of
carbon chains with double (=C=C=), (i.e., cumulenic) or alternating single/triple
(C°=C), (i.e., polyynic) covalent bonds. Owing to their relatively high chemical
reactivity, solid carbyne typically contains significant concentrations of impurities
and amorphous carbon [98, 99].

3.2 Hpybrid Structures of Boron and Carbon: Bny Solids

The structural and physical properties of the hybrid B C can be comprehended as
an intermediate between those of the boron and carbon allotropes as the stoichiometry
(i.e., the atomic ratio of boron to carbon) varies in the lattice. In the boron-rich
structures, the properties are expected to exhibit boron-like features and vice versa.
In the following sections, we will review the properties of the hybrid B C in either
the boron-rich and carbon-rich phases. /

3.2.1 Boron-Rich Bny Solid

Boron carbide (B,C) is the well-known hybrid solid in which the carbon content
can vary from 8 to 20 at.% [100, 101]. It is one of the hardest material after
diamond and cubic-BN [102, 103]. In addition to its hardness, B,C has a high melting
point and high resistance to chemical reagents. Because of these properties, thin
films [104, 105] of boron carbide are considered as coating materials for high-
temperature applications. On the other hand, by utilizing its unique fivefold
symmetry (Fig. 6), which is rare in nature, the icosahedral boron carbide crystals
of size ranging from 1 to 10 um have been synthesized [106]. Instead of the amor-
phous-like boron carbide thin film [105], these B,C crystals can be used as a tip of
a micro or nanoindenter.

The atomic structure of the icosahedral B,C solid is rather unique [108, 109]
(Fig. 6). It consists of the distorted B, C icosahedra located at the corners of a unit
cell of rhombohedral Bravais lattice with the space group R m. The icosahedra are
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Fig. 6 Top: (a) SEM image of a typical icosahedron crystal of boron carbide. The diagonal across
the crystal is about 5 um. The inset shows an illustrating model of an isolated icosahedron
corresponding to the real crystal. (b—d) Icosahedral multiply twinned particles (MTP) crystals
observed in the range from 0.5 to 10 um, with various orientations [106] (reprinted with permis-
sion from [106], copyright American Chemical Society). Bottom: The atomic structure of B,C
[107] (reprinted with permission from [107], copyright American Physical Society)

connected by the atomic linear chains (e.g., C—-B—C) in the lattice [107]. However,
the location of the carbon atoms in the B, C, icosahedron and the value of n are
still not exactly known [110-112]. This may be due to some degree of randomness,
as the six equatorial (chain-connected) and the six polar (icosahedron-connected)
icosahedral sites are indistinguishable in the lattice. It has recently been suggested
that the boron carbide solid could be composed of different polytypes, each corre-
sponding to a given possible configuration of chain and icosahedron determined by the
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certain degree of randomness [113] that leads to the fluctuation of its stoichiometry.
We note here that the effects of polytypes on the mechanical properties (i.e.,
Hugoniot elastic limit) of the B,C solid were considered in theoretical study [113]
without employing an appropriate stochastic model.

To determine the exact sequence of the chain (i.e., C-B-C, C-B-B, or C-C-C) in
the B,C lattice [114, 115], Raman spectroscopy [116, 117] and FTIR measurements
[117] were performed on the amorphous boron carbide (a-B,C). The results find the
preference of the C—B—C chain over the C—C—C chain in the lattice. In particular,
the signature of decreased intensity of the infrared stretching mode of C-B—C chains
shows that the formation of the a-B,C lattice may be due to the collapse of B, C(CBC)
unit of the crystalline lattice through the reorganization into the energetically favorite
carbon and boron clusters. However, one needs to perform further studies to completely
rule out the possibility of C—C—C and C-B-B chains in the crystalline lattice.

3.2.2 Carbon-Rich Bny Solid

Considering that the stoichiometry determines the structural and electronic properties
of a hybrid solid, we expect the structural features of the carbon-rich B C| solids to
be dominated by either the sp? graphitic or the sp* diamond configuration. This is
indeed the case for the boron-doped B C,  binary compounds [118-121] having
the sp? diamond-like tetrahedral networks in the lattice. Diamond, known as the
hardest material with the highest atomic density, does not easily incorporate any
other dopants in the lattice with exceptions being hydrogen, boron, nitrogen, and
silicon. Boron is the only efficient dopant element that can be incorporated with
high reproducibility and high enough concentration to be useful for applications of
doped diamond in electronic devices [122].

For low-dopant concentrations [118, 119], boron-doped diamond is a p-type
semiconductor with carrier concentration of ~10'7—10" cm™>. However, the lattice
shows metallic-like conductibility [123] for the heavily doped diamond with the
dopant concentration of about >10?° cm=. Furthermore, superconductivity has been
seen in the heavily boron-doped diamond solid [124] and thin films [125, 126].
First-principles calculations [127-132] have tried to elucidate the mechanism
responsible for superconductivity in the B C,  compounds. Specifically, the vibrational
modes associated with the boron atoms that provide an essential contribution to the
electron—phonon coupling strength have been identified [132]. The superconducting
transition temperature is found to be dependent on the level of the boron doping
[127-129]. It has been pointed out that the 3D nature of the network in the boron-doped
diamond reduces the density of states at the Fermi level [130] leading to a lower
transition temperature as compared to that in MgB,. Following this observation,
study of the B-doped diamond surfaces is now warranted since the 2D nature of
the surface states in the lattice may lead to a higher superconducting transition
temperature in the boorn-doped diamond.

The signatures of the sp? graphitic structural features have been found in the bulk
BC, [133-135] (Fig. 7), which was synthesized by the chemical reaction of benzene
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Fig. 7 Top view of the BC, structure with the ABC stacking. In (a) two superimposed unit cells
are viewed directly from above and in (b) a single layer of atoms is shown (reprinted with permis-
sion from [136], copyright American Physical Society)

and boron trichloride at 800°C [137]. Recent theoretical calculations predict the
stacking of the BC, layers in a hexagonal lattice to be different from that in graphite.
The layers in BC, prefer a nondirect stacking instead of direct stacking on top of
each other [138] in which ABAB and ABC ABC are predicted to be the energetically
stable configurations [138] with real phonon frequencies at I' ABAB being lower in
energy by ~1 meV/atom.

In BC, (Fig. 7), the calculated in-plane bond length (~5.11-5.12 A) is inde-
pendent of the stacking sequence leading to the interatomic sepration of d ., and
d, .tobe~1.41 and 1.55 A, respectively [138]. In contrast to the in-plane conﬁgu—
ratlon the interlayer distance (¢/2 of AB AB or ¢/3 for ABC ABC) depends strongly
on the stacking type ranging from 3.11 to 3.67 A. Despite the BC, monolayer
[134] being a semiconductor with an indirect band gap of ~0.66 eV, the AB AB and
ABC ABC layered bulk are semiconducting with an indirect band gap around 0.5
eV and metallic, respectively. On the other hand, the experimental results [133,
137] find the layered bulk to be metallic. Thus, the layered BC, structure, as synthe-
sized experimentally, appears to consist of both stacking configurations.
Furthermore, superconductivity in the hole-doped BC, was predicted. Because of
the strong electron—phonon coupling between the electronic states of the o band
and the phonon modes associated with the bond stretching mode, the supercon-
ducting temperature was predicted to increase as a function of the hole doping
level in the BC, lattice [136].
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3.3 Hpybrid Structures of Boron and Carbon:
Bny Nanostructures

Compared to their precursors in the B C| solid, the properties of the B C nanostructures
are expected to be different due to their “finiteness” in the physical size together
with the large surface area to volume ratio. In terms of the system size, the B C,
nanostructures are intermediate between molecules and solids consisting of up to a
few thousand atoms. In these atomic aggregates nanostructures where the surface
plays a paramount role, dependence of the material property on the system size
becomes nonscalable [139]. Therefore, exploration of the richness of the unique
properties of the hybrid B C structures in the nanoscale regime will never be a
trivial study. )

Considering that the research on the novel B C nanostructures will largely be
driven by that on the carbon-based nanostructures, such as fullerene, graphene, and
nanotube, we will highlight some of the recent developments in the areas pertaining to
physical and chemical properties of carbon nanostructures in the following section.

3.3.1 Carbon Nanostructures

The carbon-based nanostructures, in general, offer new insight into the low-
dimensional physics that has never ceased to surprise and continues to provide a
fertile ground for novel technological applications. Accordingly, the rapid progress
that stems from the novel carbon nanostructures has been evolved into matured sub-
fields of the materials science, such as fullerenes [140-144] and CNTs [91, 92, 141, 145].

Starting from its lowest dimensional case, fullerenes attracted renewed interest
owing to the properties of molecular magnets obtained by chemically modifying
the structures through the formation of X@C, o (i.e., an endohedral fullerene with a
X atom encapsulation inside a C,, cage). Since the spin of the X atom in X@C
exhibits a low interaction with the environment, a very long spin lifetime (i.e., up
to ~0.25 ms) is observed making X@C to be a promising candidate for qubits in
the quantum computation [146, 147]. On the other hand, due to its unique and
strong 1D configuration, CNTs are promising building blocks for future nanoscale
devices. Single-walled CNTs (SWCNTSs) can be metallic or semiconducting
depending on the tube diameter and chirality (i.e., the way the graphene sheet rolls
up as a seamless hollow cylinder) [91, 92]. Both semiconducting and metallic
SWCNTs have been used in advanced electronic devices for single-electron transport
[148, 149], spin transport [150], rectification [151, 152], and switching [153].

The role played by graphene, composed of a carbon atomic layer extended in
a perfect 2D crystalline lattice, is also becoming remarkably important. Acting as a
basic building block for all sp? graphitic carbon materials [154], graphene has led
to the emergence of a new paradigm of “relativistic” condensed matter physics and
“quantum electrodynamics” effects, which can now be tested in the tabletop experiments
[154, 155]. In addition to the unusual electronic properties, the thermal conductivity
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and mechanical stiffness of graphene may rival the in-plane values for graphite, i.e.,
~3,000 W m™! K-! and 1,060 GPa, respectively. The fracture strength should also
be comparable to that of CNTs [156-158]. As a next step toward the potential
applications, a general approach for the preparation of a graphene in a polymer matrix
with intriguing properties has been found via complete exfoliation of graphite and
molecular-level dispersion of individual, chemically modified graphene sheets [159].

Graphene has an exceptional advantage that can complement C,, CNTs, and
their derivatives. C60 is a fascinating molecule, but useful material tends to be
extended in at least one dimension. For CNTs, working as long, thin, good molecular
transistor is adequate, but microelectronics design is inherently the case of 2D. Yet,
issues such as diameter, chirality control, and cost of production pose severe
challenges for the commercial applications of CNTs. Graphene appears to be the
material that we wished all along for novel technological applications.

3.3.2 Bny Hybrid Nanostructures

The study of the B C hybrid nanostructures has been driven largely by both scientific
curiosity and technological applications. Synthesis of both 0D and 1D B C, nanos-
tructures can be found in the scientific literature. On the other hand, the 2D BXC)_
hybrid nanostructures, such as the semiconducting BC, monolayer, remain merely
a focus of theoretical studies [134].

Stimulated by the discovery of carbon fullerenes, the so-called heterofullerenes
[160-162], where a few C atoms are substituted by hetero atoms, have become of
focus of recent research activities. Substitution of dopant atoms such as B, Si, and
N into fullerenes is expected to produce significant variation in the electronic
structure of fullerene with the possibility of the new type of physical properties, just
like the case of doped diamond. Using the method of the laser-vaporization of a
graphite/boron nitride composite disk, the first report of the existence of B C,
fullerene-like cage clusters in gas phase was made [160]. Henceforth, the B-doped
fullerenes have been studied extensively [163—165], either in the forms of films
[165], or through in situ electron irradiation of chemical vapor deposition on B C,
(x<0.2) [164].

On the other hand, 1D “bulk-like” B C ‘nanowires have been synthesized due to
their attractive properties for high- temperature applications. Besides the formation
of amorphous helical boron carbide nanowires [166], the formation of crystalline
B,C nanowires was also reported [167]. Grown by the plasma-enhanced chemical
vapor deposition on the (100)-oriented silicon substrates within the range of
1,100-1,200°C, the crystallinity of the B,C nanowire has been proven by the
Raman and near-edge X-ray absorption fine structure spectroscopy. The predomi-
nant sp* character suggests that the nanowires are extremely hard. We note that the
B,C nanowires (or nanorods) can also be synthesized directly from CNTs at around
1,200°C [168, 169]. The 1D BXC)_ hybrid nanostructures can also be formed via
boron doping of CNTs [164, 170-172]. For example, synthesis of multiwalled

C,_, (x ~ 0.1) nanotubules [164] and the BC,; B-doped CNTs [170] has been
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reported. A method involving the partial substitution of the carbon atoms on CNTs
with B O, was also proposed [171].

The B-doped CNTs are found to be metallic with no apparent band gap [172].
In the measurements of the resistivity of pristine and B-doped CNTs, it has been
shown that the B-doped nanotubes have a reduced room-temperature resistivity
with ~7.4 x 107 to 7.7 x 10° Qm, as compared to that of the pristine nanotubes in
the range of 5.3 x 10%to 1.9 x 10° Qm [173]. Thus, it appears that the metallicity
of CNTs can be enhanced by increasing the doping concentration of boron.
Consequently, as the ratio of boron is comparable to carbon approaching B/C = 1,
the possibility of the existence of the hybrid BC nanotube has recently been
supported by a theoretical study [174]. We expect the experimental verification of
the BC hybrid tubular configuration in near future, thus expanding the current list
of known B C hybrid nanostructures.

4 Summary

The present research status of the B C hybrid structures has been reviewed in this
chapter. We find that the B C hybrid structures in either the bulk phase or the
nanoscale regime are unique in many aspects. There is also a strong evidence to
show that the synthesis of B C hybrid structures requires an ability to control the
bonding between boron and carbon in the lattice. A detailed and systematic under-
standing of the elemental boron and its derivatives is also warranted.

Owing to its unique features of electron-deficient bonding, both boron solids and
nanostructures seem to generally favor a mixture of localized (i.e., two-center) and
delocalized (i.e., three-center or multicenter bonds) bonds in the bonding topology.
In contrast to carbon, several metastable competing structural motifs can be found
in boron nanostructures (e.g., nanotubes and boron sheets), reminiscent of its poly-
morphism in the solid state. Hence, polymorphism appears to be one of the stum-
bling blocks associated with synthesis of boron nanostructures. There is an acute
need for more systematic and detailed studies on the elemental boron spanning
dimensionality from OD to 3D. With the help of such theoretical and experimental
studies, our goal of a complete understanding of the B C system can be achieved.
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structural and composition analysis, TEM
electron energy loss spectroscopy, 57-63
growth mechanism, 63-64
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laser vaporization, 48-50
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ab initio calculations, 89
contour plots, 90
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transmission electron microscopy
(HAADF-STEM), 169
Highest occupied molecular orbital (HOMO),
112,117

Index

High-resolution transmission electron
(HRTEM), 106
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HOMO See Highest occupied molecular
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Hot filament CVD method, 50, 51

HRTEM. See High-resolution transmission
electron microscopy

HRTEM See High-resolution transmission
electron

Hugoniot elastic limit, 283

Hydrogen storage, 75-76

Hydrothermal method, 202

I

Induction-heating furnace, 28

Infrared (IR) absorption spectroscopy, 105
Inverse Fourier transform, 159-161, 170, 171

K
Kramers-Kronig analysis, 125

L
Laser vaporization technique, 48-50
Lattice dynamics. See Vibrational properties
LDA. See Local-density approximation
LD-TOF mass spectrometry, 151, 155
Local-density approximation (LDA), 109,
112-114, 118, 124, 127, 130
Local density of electronic states
(LDOS), 31
Lowest unoccupied molecular
orbital, 112, 117
Luminescence, 67-69
Luminescence spectroscopy
bound and free exciton, 122
cathodoluminescence spectrum, h-BN
crystallite, 122
electron-phonon coupling, 123
photo luminescence excitation (PLE), 122
stark effect, 123
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Lyddanne-Sachs Teller relation, 22
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Many-body perturbation theory, 112, 113
Mechanical properties, 73-74
Meissner effect, 65
Molecular dynamics simulations, 63, 74
Mott—Wannier excitons, 91
Multiwalled boron nitride nanotubes
applications
electronic and chemical
applications, 37-39
hydrogen storage, 35-36
mechanical applications, 36-37
molecular biological
applications, 39-41
bank structure, 39
CL and UV-vis absorption spectra, 37
DNA-BNNT fabrication, 40
FTIR spectra, 34
functionlization
bandgap tuning, 37-39
biomaterials, 40
noncovalent interactions, 36
optimized structure, 38
properties
electron field emission
properties, 2627
electronic properties, 25-26
mechanical properties, 24
piezoelectric properties, 26
thermal properties, 24-25
Raman spectra, 34
SEM image, 33
synthesis
arc discharge method, 27-28
ball-milling technique, 29
catalytic chemical vapor deposition
(CCVD), 29-30
electron beam in-situ
deposition, 30-31
experimental setup, 33
FeB nanoparticles liquid flow, 30
horizontal tube furnace
growth, 32-35
laser-based method, 28
low temperature growth, 31-32
phase selective growth, 32
plasma jet method, 31
substitution reaction, 28-29
TEM image, 41
thermogravimetric analysis curves, 25
Multiwalled carbon nanotubes
(MWCNTSs), 5, 7
MW-BNNT. See Multiwalled boron nitride
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N

Nanobeam electron diffraction (NB-ED), 56

Nano-electro-mechanical systems (NEMS),
76-77

Nanotube helicity, 53-55, 57
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Optical absorption spectra
absorption spectrum, BN tubes
dimensionality effects, 121
exciton, wavefunction, 120
SWBNNT, 119
absorption spectrum, bulk h-BN
electron probability density, 117
GW + BS calculation, 116
phonon renormalization, 118
band gap problem
calculation, 113-114
definition, 112
density functional theory (DFT), 112, 113
electron-electron interaction, 114
generalized-gradient approximation
(GGA), 112
GW approximation, 113, 114
Hartree—Fock approximation (HFA), 112
excitonic effects, 114-115
independent-particle picture
band structure comparison, 108, 109
depolarization effect, 110
Lorentzian broadening, 111
random-phase approximation (RPA), 108
RPA absorption spectrum, 108, 110
zone-folding procedure, 108
luminescence in BN tubes, 5
Optical and vibrational properties
luminescence spectroscopy, 122—124
optical absorption spectra, 107-122
phonons and vibrational spectroscopy,
125-143
plasmons and electron-energy loss
spectroscopy, 124-125
Optical properties
dielectric properties, 67-68
emission properties, 66
excitonic effects, 66—67
optical excitations, 68—69
saturable absorption effect, 66
Oven-laser ablation method, 28

P
PE-PLD. See Plasma-enhanced pulsed-laser
deposition
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Phonons and vibrational spectroscopy
diameter dependence, Raman and IR active
modes
frequency types, 136-137
radial phonon modes, 138
scaling constants, determination, 138—139
equilibrium geometry, 127-128
experimental IR spectra, 143
experimental Raman spectra, 141-143
phonon calculations, 126-127
phonon dispersion relations, bulk h-BN
longitudinal and transverse optical, 128
Lyddanne—Sachs—Teller relation, 129
single sheet, h-BN, 130-131
tubes, 131
Raman intensities
cartesian component, 140
density-functional perturbation theory,
140
single sheet, h-BN, 130-131
symmetry analysis, 131-133
zone-folding method, 133-136
Photoemission and inverse photoemission
spectroscopy, 112, 121
Photo luminescence excitation (PLE), 122
Physical vapor deposition (PVD), 197
Plasma enhanced CVD (PECVD), 15
Plasma-enhanced pulsed-laser deposition
(PE-PLD), 31
Plasma torch. See Arc jet technique
Plasmons and electron-energy loss
spectroscopy
continuum dielectric theory, 125
dielectric constant, 125
Kramers—Kronig analysis, 125
phonon dispersion relations, 125, 129
PLE. See Photo luminescence excitation
Point defects, 55
n—m tight-binding model, 88

R
Radial breathing mode (RBM), 8, 107, 126,
132, 136-141, 144
Random-phase approximation (RPA), 109
Redox reaction, 29-30
Resonant raman spectroscopy, vibrational
properties
B and N doping, 245
endohedral sites, 245
in-plane Raman-active mode, 244
non-substitutional doping
hybridization breaking, 248
resonant raman scattering data, 249
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radial breathing mode (RBM), 244
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S
Scanning electron micrographs, 233, 236
Scanning electron microscopy (SEM), 31, 32,
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Scanning transmission electron microscopy
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Scanning tunneling microscopy (STM), 168,
239
Scanning tunneling microscopy/spectroscopy
(STM/STS), 106
Schottky junction, 200
Selected area electron diffraction (SAED), 56
SEM. See Scanning electron microscopy
Single-wall carbon nanotubes (SWCNTSs)
density of electronic states, 8-9
structure, 5-7
synthesis techniques, 7
Single-walled boron nanotubes (SWBNTs), 278
Single-walled carbon nanotubes (SWCNTs),
285
Sommerfeld factors, 92
Spatially resolved electron energy loss
spectroscopy (SR-EELS), 47, 58
Spectrum-imaging (SPIM), 58-59
Stark effects, 66
STM. See Scanning tunneling microscopy
SWBNTs. See Single-walled boron nanotubes
SWCNTs. See Single-walled carbon nanotubes

T
TEM. See Transmission electron microscopy
TEP. See Thermoelectric power measurements
Thermoelectric power measurements
(TEP), 243
Thermogravimetric analysis (TGA), 205
Tight-binding calculations, 65, 70, 74
Tight binding method, 24
Time-dependant density functional theory
(TD-DFT), 91
Transmission electron microscopy
(TEM), 24, 31
electron diffraction pattern (EDP), 56-57
electron energy loss spectroscopy (EELS)
chemical maps, 61-62
core loss region, 57-58
doping element composition, 60-61
elemental maps, 58, 63
spectrum-line (SPLI), 58-59
growth mechanism, nanotubes, 63-64
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HRTEM X
B-and N-doped C-SWNT, 53-54 X-ray photoelectron spectroscopy
BN-SWNT, 54-55 (XPS), 202, 239
boron nitride nanotubes, irradiation, 55-56
Y
U Young’s modulus, 24, 74
UV-visible absorption spectroscopy, 34—35
V/
A" Zero-loss image, 63
Van-der-Waals interactions, 143 Zigzag nanotubes, 6
Vibrational properties growth mechanism, 63-64
infrared spectrum, 70, 72 HRTEM imaging, 54-55, 57
Raman spectra, 69-71 hydrogen storage, 76

UV Raman spectra, 71-72 vibrational properties, 70
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