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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
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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



274 K.C. Lau et al.

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
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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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