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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



2 C.H. Lee et al.

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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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
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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)



Introduction to B-C-N Materials 9

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.
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