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Effect of temperature and configurational disorder on the electronic band gap of boron carbide
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The overestimation, rather than the usual underestimation, of the electronic band gap at 0 K of boron
carbide with the ideally stoichiometric composition of B,C, represented by B,;C”(CBC), in density functional
theory calculations is one of the outstanding controversial issues in the field of icosahedral boron-rich solids.
Using a first-principles approach, we explore the effect of temperature and configurational disorder on the
electronic band gap of B4C. Ab initio molecular dynamics simulations are performed to account for the effects
of vibrational disorder. The results reveal that the volumetric thermal expansion as well as the thermally induced
configurational disorder of icosahedral C? atoms residing in the B;C? icosahedra have a minimal impact on the
band gap of B4C, while a major decrease of the band gap is caused by explicit atomic displacements, induced
by lattice vibrations. At 298 K, the band gap of B,C is overestimated, as compared to the experimental value, by
approximately 31%. However, configurational disorder induced by introducing a small fraction of B;,(CBC) and
B2(B,) into a matrix of B;;C”(CBC) to make the composition of boron carbide approximately B, ;C, claimed
to be the carbon-rich limit of the material in experiment, leads to a smaller band gap due to the appearance
of midgap states. These results can explain at least a part of the previous discrepancies between theory and

experiments for the band gap of boron carbide.
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I. INTRODUCTION

Boron carbide is a binary solid solution of carbon in boron,
whose homogeneity range extends from approximately 8 to
20 at. % C [1-3]. Revealed by x-ray and neutron diffrac-
tion studies [4-7], the crystal structure of boron carbide is
composed of 12-atom icosahedra and intericosahedral chains.
The icosahedra are situated at the vertices of a rhombohedral
unit cell (R3m), and the adjacent icosahedra are bridged by
the intericosahedral chains. Despite being a candidate for
high-temperature electronic and thermoelectric applications
[8—11], several properties, relevant to such utilization, partic-
ularly atomic configuration and electronic properties, are still
undecided and debated within the scientific community. This
has been highlighted by large inconsistencies between exper-
iment and theoretical predictions. One of the discrepancies is
the prediction of a metallic state for B3C,, represented by
B2(CBC), due to its electron deficiency [12—14]. This is in
contrast with the fact that boron carbide is a semiconductor
over the whole solubility range [15,16]. Another discrepancy
is the overestimation of the electronic band gap of B4C, given
by B;;C?(CBC), where p denotes the polar site of the icosa-
hedron [17-19], by standard density functional theory (DFT)
calculations, which is known to practically always underes-
timate the band gaps of other materials by 30-50 % owing
to the approximation of the electronic exchange-correlation
functionals [20-22]. The electronic band gap of carbon-rich
boron carbide with the composition of around B, ;C, obtained
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from optical measurements, has been reported to be 2.09 eV
at ambient conditions [23], while the standard DFT-derived
band gap of boron carbide, based on the structural model
of the ideally stoichiometric B4C or B;;C?(CBC), ranges
from 2.6 up to 3.0 eV [17-19,24]. It is worth mentioning
here that the use of the hybrid functional to account for the
exchange-correlation effects [25-27], generally providing a
better description of electronic band gaps for semiconductors
as compared to the standard DFT calculations, results in a
band gap as large as 4.13 eV for B;;C”(CBC) [19]. Such a
large inconsistency between the theoretically predicted band
gap of B4C and the experimental one may be attributed to the
absence of localized midgap states induced by boron/carbon
substitutional disorder [2,28,29], which has so far not been
explicitly taken into account in the theoretical simulations.
Recent theoretical studies demonstrated that electron defi-
ciency in the idealized B1,(CBC) can be compensated either
by a thermally activated configurational disorder of boron
and carbon atoms [30] or via a combination of different
intericosahedral chain motifs, for example, the linear CBC
and CBCB as well as rhombic B4 chains [31-35]. The latter
has been suggested from the thermodynamics aspect to be the
most plausible explanation of how boron carbide retains its
semiconducting state within the homogeneity range. The over-
estimation of the band gap of B4C might also be because of the
configurational disorder of B and C atoms, induced by high
concentrations of low-energy defects, and/or the combination
of different icosahedral and chain motifs, which is analogous
to the case of Bj,(CBC). The ideas have been inspired by the
experimental studies [36,37], seemingly suggesting that B4 3C
is the carbon-rich limit of the homogeneity range, and thus
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the ideally stoichiometric composition of B4C may not exist
in nature. Another possibility, which could be the cause of
overestimating the band gap of B4C, might be attributed to
the atomic displacements, induced by the lattice vibrations,
which were not explicitly taken into account in the previous
band-gap calculations. The impact of such atomic displace-
ments can be significantly strong for materials comprised
of light elements, particularly boron carbide. To the best of
our knowledge, the influence of temperature-induced atomic
displacements on the band gap of boron carbide has not been
explored.

With the aim of resolving the band-gap problem, we probe
using a first-principles approach the effect of temperature and
configurational disorder induced by low-energy B/C substitu-
tional defects on the band gap of carbon-rich boron carbides,
in particular B4C. In this work, we perform ab initio molecular
dynamics (AIMD) simulations, in combination with the DFT
calculations, to derive the band gap as a function of tem-
perature. The simulations show that the volumetric thermal
expansion has a minimal impact on the band gap of the
material, while a major decrease of the band gap is caused
by the explicit atomic displacements induced by the lattice
vibrations. In addition, we find that adding a small fraction
of B2(CBC) and B,(B4) into a matrix of B;;C?(CBC) to
achieve the composition of approximately B4 3;C leads to a
smaller band gap because of the appearance of the midgap
states. These findings are in line with the normal observation
of a systematic underestimation of experimental band gaps
in density functional theory calculations for most of other
materials [20-22].

II. METHODOLOGY
A. Structural models of B4C and B4 ;C

First, it is worth emphasizing here that experimentally
identifying defects, inducing the configurational disorder of
boron and carbon atoms, for boron carbide at any given
composition and temperature has still been a formidable
challenge. This can be attributed not only to the complexity
of the icosahedral structure but also to the similar charac-
teristics of boron and carbon atoms, i.e., the atomic form
factor for x-ray diffraction [38] and the nuclear scattering
cross sections (!'B and '2C) for neutron diffraction [7,39].
As a consequence, there has so far been no unambiguous
experimental spectroscopic evidence to explicitly character-
ize structural defects existing in boron carbide, and several
investigations of defects inducing configurational disorder in
boron carbide have by far been based mostly on the theoretical
simulations [2,19,30-35,40-44]. The structural model of the
ideally stoichiometric B4C is given by B;;C? icosahedra and
linear CBC chains, as it has been demonstrated by several
theoretical studies [17,19,40-42] to be the most favorable
configuration from the thermodynamics aspect. To examine
the impact of temperature and configurational disorder of B
and C atoms induced by high concentrations of low-energy
B/C substitutional defects on the band gap of the material,
we consider in the present work two atomic configurations
of B4C. Those are (1) ordered B4C, where the C” atoms
are well oriented, occupying the same polar position for

every icosahedron, and (2) disordered B4C, where the C?
atoms configurationally disorder at the polar sites without
the formation of inter- and intraicosahedral bonds between
the C? atoms. The former has been demonstrated by several
independent first-principles calculations to exhibit the lowest-
energy configuration at 7 =0 K [17,19,40-42], and it thus
has presumably been believed to be the ground state for B4C,
while the latter has been predicted to be favored with respect
to the ordered one at elevated temperature [19,43,45]. As
demonstrated in our previous work [45], the energy difference
between the ordered and disordered B4C at T = 0 K, taking
into account the influence of the zero-point motion, is 72 meV
per unit cell, accordingly resulting in the mean-field-estimated
order-disorder transition temperature of 730 K. It is worth
noting that the same configurational transition from the or-
dered to the disordered states of B4C has been independently
predicted by Yao et al. [43] to take place at T > 717 K,
in line with our prediction [45]. In the present work, we
use simulation boxes containing 120 atoms, arranged in a
supercell of 2 x 2 x 2 primitive rhombohedral unit cells, for
both ordered and disordered B4C.

The structural model of the off-stoichiometric B4 3C is, on
the other hand, obtained by introducing a small fraction of
structural defects, i.e., B12(CBC) and B>(By4), into a matrix
of B1;C”(CBC). Among numerous types of structural defects,
B»(CBC) and B,(B4) have been chosen for the follow-
ing reasons. First, first-principles studies of boron carbide
[12,40,41] demonstrated that, as the carbon content goes
lower than 20 at. %, the C” atoms residing in the B;;C”
icosahedra rather than C atoms residing in the linear CBC
chains tend to be replaced by B atoms, hence resulting in the
formation of electron-deficient B,(CBC). Second, recent the-
oretical works on boron carbide [31-35] revealed that entirely
compensating for the electron deficiency in B, (CBC) through
the addition of B{,(B4), in which the B>,(CBC)-to-B1,(B4)
ratio is 2, can considerably lower the total energy of the
material. We note that the rhombic B4 chains were originally
proposed by Yakel [5], based on the x-ray diffraction data
of boron-rich boron carbide, and furthermore, most recently
the existence of rhombic chains was observed experimentally
by Rasim et al. [34] through high-resolution transmission
electron microscopy of boron carbide, reasonably justifying
the structural model of B4 3C employed in the present work.
For this reason, we deduce that the atomic structure of B4 3C
is composed of 90% B;;C?(CBC), 6.67% B»(CBC), and
3.33% B,(By4), constructed within 5 x 3 x 2 primitive thom-
bohedral unit cells (451 atoms). It is also worth noting that
structural models of boron carbide based on a combination of
B, C?(CBC), B;2(CBC),and B, (B4) were previously consid-
ered by Shirai ef al. [31], who discussed the boron-rich boron
carbide BgsC. A detailed discussion about the energetics of
the structural model of B4 3C considered in the present work
with respect to B4C is provided in Sec. III B.

B. Computational details

In the present work, the volume, cell shape, and inter-
nal atomic coordinates of B4C and B43;C are fully opti-
mized through the DFT calculations, employing the projec-
tor augmented wave (PAW) method [46] as implemented
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in the Vienna Ab initio Simulation Package (VASP) [47,48]
and the generalized gradient approximation (GGA) proposed
by Perdew, Burke, and Ernzerhof (PBE96) [49] for the
exchange-correlation functional. The plane-wave energy cut-
off of 400 eV is used, and the Monkhorst-Pack k-point mesh
[50] is chosen for the Brillouin zone integration. For all DFT
calculations, we also ensure that the calculated total energies
of the considered structural models are converged with respect
to both the energy cutoff and the density of the k-point grids.

To inspect the influence of thermal expansion on the band
gap of B4C, we derive the temperature-dependent volumetric
thermal expansion coefficients (TECs) of both ordered and
disordered B4C using the quasiharmonic approximation, as
implemented in the PHONOPY package [51,52].

To estimate the band gaps of B4C and B43Cat T > 0 K, we
employ the AIMD simulations to take into account the explicit
atomic displacements induced by the lattice vibrations. In
the present work, the simulations are carried out using the
canonical ensemble (N V T) to control the temperature of the
simulations, where we choose the standard Nosé thermostat
[53] as implemented in VASP with the default Nosé mass set
by VASP, and the Brillouin zone sampling is limited to the I"
point. For this particular case, the band gaps of B4C and B4 3C
are estimated at 7 ~ 500, 1000, 1500, 2000, and 2250 K.
First, the materials are heated to the temperature of interest
within 1 ps and then equilibrated for 20 ps with a time step
of 1 fs. The electronic density of states (DOS) is calculated
with higher accuracy at every 0.5 ps during the equilibration
procedure by using the tetrahedron method for the Brillouin
zone integration [54] and the 7 x 7 x 7 Monkhorst-Pack k-
point mesh for sampling of the Brillouin zone.

Since the DOS and thus the band gap (E,) are different
at each time step, influenced by the atomic displacements
and the fluctuations of the temperature around the desired
one during the AIMD simulations, we determine at each
temperature of interest the cumulative unweighted averages of
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FIG. 1. Instantaneous value (open red circles) and cumulative
average (open blue squares) of the band gap (E,) of ordered B4,C
at each snapshot, obtained from the ab initio molecular dynamics
(AIMD) simulations at 500 K. The experimental band gap, derived
from the optical measurements of B4 ;C at ambient conditions [23]
(dashed black line), is given for comparison.

the band gap and the temperature over the 40 snapshots, ob-
tained at every 0.5 ps of the equilibration. Figure 1 illustrates
the instantaneous value of E, of ordered B4C, calculated at
every 0.5 ps of the AIMD simulations at 500 K and the
corresponding cumulative average, ensuring that the result is
properly converged with respect to the number of snapshots.

III. RESULTS AND DISCUSSION

A. Influences of temperature and configurational disorder
on electronic band gap of B,C

Figure 2 displays the volumetric TEC of ordered and
disordered B4C as a function of temperature, derived from
the quasiharmonic approach. We find the TECs of the two
phases of B,C behave similarly to one another. At 7 < 700 K,
the TECs of the two phases are practically identical, while
at T > 2000 K, the difference between them is smaller than
3%. Our calculated TECs are also in good agreement with
the experimental TEC extracted from the volume expansion
measurements of carbon-rich boron carbide by using high-
temperature x-ray diffraction [55]. For this particular case, we
use the fifth-degree polynomial function to fit the measured
data points of the volume expansion temperature, reported by
Yakel [55] in the temperature range of 285 to 1213 K. Such
consistency validates our estimation of TEC for B4C using
the quasiharmonic approximation. It should be noted that
the anomalous TEC of carbon-rich boron carbide, measured
also by high-temperature x-ray diffraction, was previously
reported by Tsagareishvili et al. [56]. It was, however, of the
same order of magnitude as compared to that of Yakel [55]
and our calculations.

To ensure that our simulations of E, of B4C, derived
from the AIMD simulations, are also converged with respect
to the size of the simulation box, we plot a histogram (see
Fig. 3) showing the distribution of E, of ordered B4C at about
2000 K, obtained from the AIMD simulations done within
the simulation boxes of 2 x 2 x 2 (120 atoms) and 3 x 3 x 3
(405 atoms) primitive thombohedral unit cells. We find that
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FIG. 2. Volumetric thermal expansion coefficient (TEC) of or-
dered and disordered B,C as a function of temperature, calculated at
the quasiharmonic level. Comparison is made with the experimental
data, obtained from high-temperature x-ray diffraction methods [55].
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FIG. 3. Distribution of the band gap (E,) of ordered B4C, ob-
tained from the AIMD simulations, equilibrated at 500 and 2000 K
within the simulation boxes of 2 x 2 x 2 (120 atoms) and 3 x 3 x 3
(405 atoms).

the distributions of the band gap D(E,) obtained from the two
different sizes of the AIMD simulation boxes are similar to
one another, thus confirming the convergence of the band-gap
calculations with respect to the simulation box size. We also
provide in Fig. 3 the distribution of E, of ordered B4C at
about 500 K, done within the simulation boxes of 2 x 2 x 2
primitive thombohedral unit cells (120 atoms) for comparison
purposes. As can be seen from Fig. 3, the distribution of
E, of ordered B4C equilibrated at about 2000 K is, apart
from the systematic shift toward smaller band gaps, more
statistically dispersed than that equilibrated at about 500 K.
This is attributed to a higher degree of vibrational disorder as
the temperature increases.

Our simulations reveal that the volumetric thermal ex-
pansion has a minimal impact on the band gap of B4C,
as can be seen from Fig. 4(a) illustrating the mean values
of E, of ordered B4C, evaluated from AIMD simulations
equilibrated at 500, 1000, 1500, 2000, and 2250 K, with
and without considering the effect of thermal expansion. The
same goes for disordered B4C (not shown). The thermally
induced configurational disorder of B and C atoms has, in
a similar manner to the volumetric thermal expansion, also
a minimal impact on the band gap of B4C, as illustrated by
the comparison of mean E, versus T between ordered and
disordered B4C [Fig. 4(b)]. Instead, it seemingly shows that a
major decrease of E, is caused by lattice vibrations inducing
the explicit displacements of atoms from their equilibrium
positions during the simulations. As for B4C, we observe that
the mean value of E, decreases linearly with respect to the
temperature. We also observe that the electronic density of
states of disordered B4C, irrespective of temperature, behaves
similarly to that of ordered B4C. For illustrative purposes,
Fig. 5 displays the density of states of ordered and disordered
B4C at 0 and 2000 K.

At 0 K, our estimated band gap of B4C is 2.98 (2.95) eV
for the ordered (disordered) phase, which is in line with the
calculations previously reported in the literature [14,17,18],
while at room temperature (298 K), the band gaps of B4C

(both ordered and disordered phases) are estimated in our
case to be about 2.74 eV. We note that, in the present work,
the effect of phonon-induced zero-point renormalization on
the electronic band gaps of semiconductor materials has been
neglected. As demonstrated in the previous works [57-59],
the effect of zero-point renormalization on the band gaps
of light-element semiconducting materials, such as diamond,
hexagonal, and cubic boron nitrides, can cause a significant
reduction of the band gap by up to 0.6 eV. In the case of boron
carbide, the zero-point renormalization on the band gap could
also be of similar magnitude and one can thus expect that,
at room temperature, the calculated band gap of B4C would
reduce additionally as compared to the effect of classical
vibrational disorder and might be found to be around 2.2 eV,
still higher than the experimental value of 2.09 eV derived
from the optical measurements of B4 3C [23]. It is also worth
underlining that, in the present work, the band gaps of B4C
have been obtained from the standard DFT calculations in
which the generalized gradient approximation [49] has been
employed to estimate the electronic exchange-correlation ef-
fects. The use of such an approximation is known to severely
underestimate the band gaps of semiconductors and insulators
of the order of 30-50% or more [20-22]. Indeed, we found in
our previous work [19] that when using the hybrid functional
[25-27], known to give a more accurate description of band
gaps, we obtained a value of 4.13 eV for ordered B4C. Thus,
taking into account the behavior of the generalized gradi-
ent approximation, even with the effect of phonon-induced
zero-point renormalization, the calculated band gap of B4C
is still considerably too high. These findings imply that the
theoretical band gaps of carbon-rich boron carbide, estimated
from the structural model of the ideally stoichiometric B4C,
i.e., B;;C?(CBC), cannot provide a quantitative agreement
with the experiment, even though the temperature effect as
well as the relevant configurational disorder of B and C
atoms, induced by high concentrations of low-energy B/C
substitutional defects, have been taken into consideration, as
demonstrated in the present section.

In the case of B4C, it is theoretically feasible to achieve a
smaller band gap of ~2 eV, or less, due to the appearance of
defect-induced gap states. As demonstrated by Dekura et al.
[60], swapping the C? atom residing in the B, C icosahedron
with the middle-chain B atom of the CBC chain to form
B2(CCC) results in the formation of midgap states at about
1.6 eV above the valence-band edge. Furthermore, Ektara-
wong et al. [19] recently showed that for B4C, even without
the effect of phonon-induced zero-point renormalization, the
gap states take place at about 2 eV above the valence-band
edge if the configuration of the C” atoms is highly disor-
dered, leading to the formation of either intericosahedral or
intraicosahedral C?-C” bonds. Though the configurations of
B4C, considered by Dekura et al. [60] and Ektarawong et al.
[19], can result in a smaller band gap due to the appearance
of the gap states and yield a better agreement compared to
the experiment, they are very high in energy with respect to
ordered B4C and are thus disregarded by thermodynamics
considerations [19,41].

Rather than semiconducting properties as observed in crys-
talline B4C, amorphous B4C has been predicted, using the
melt-quenching approach based on AIMD simulations, to
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FIG. 4. GGA-PBE96 estimated mean values of electronic band gap, evaluated from the AIMD simulations equilibrated at 500, 1000, 1500,
2000, and 2250 K, of (a) ordered B,C with and without inclusion of the volumetric thermal expansion, and (b) ordered and disordered B,C
taking into account the volumetric thermal expansions. The error bars represent the standard deviation at 95% confidence interval of the mean
values of E, and temperature, while the dashed lines indicate the maximum and minimum values of observed E, among the 40 snapshots at
the corresponding equilibration temperature. Blue stars in (a) and (b) denote the experimental band gap, derived from the optical measurements

of B43;C at ambient conditions [23].

behave like a semimetal, in which the band gap transforms
into the electronic density of states minimum at the Fermi
level [24]. The semimetallic properties have been attributed
to the topologically disordered structure of amorphous B4C,
represented by a random icosahedral network connected with
the amorphous B-C matrix cooperating with an absence of
the intericosahedral linear CBC chains as well as clustering
of carbon atoms [24].

B. Energetics and electronic band gap of B4 ;C

According to the description provided in Sec. I A, we
introduce a small fraction of B;,(CBC) and B;,(B4) with the

o0

=N

DOS (states/eV)

DOS (states/eV)

N

=)

0
Energy (eV)

FIG. 5. Electronic density of states of (a) ordered B,C and (b)
disordered B4C, taking into account the effect of volume expansion.
Solid black lines are the density of states, calculated at 0 K, while
dashed red lines represent the density of states, randomly chosen
from 1 out of 40 snapshots of AIMD simulations equilibrated at
2000 K. Dotted lines at 0 eV indicate the highest occupied state.

B12(CBC)-to-B»2(By4) ratio of 2 into a matrix of B;; C?(CBC)
to make the composition of boron carbide B, 3C, which is
claimed to be the carbon-rich limit of the homogeneity range
in experiment [36,37]. For this particular case, our model of
B43C is composed of 90% B;;C?(CBC), 6.67% B>(CBC),
and 3.33% B|>(B4), constructed within a supercell of 5 x
3 x 2 primitive rhombohedral unit cells (451 atoms). As we
have found in the previous section that both the volumetric
thermal expansion and the configurational disorder of C”
atoms, residing in B C? icosahedra, do not have a significant
impact on the band gap of B4C, we neglect them in the
following band-gap calculations of B4 3C.

Concerning the energetics of B4 3C with respect to that of
B4C, we find that the total energy at T = 0 K, derived from
our structural model of B4 3C and subtracted by the chemical
potential of the reference state given by «-rhombohedral
boron, is comparable to that of ordered B4C, and the energy
difference between them is found to be less than 1 meV/atom.
As a consequence, it is very likely that at elevated tempera-
ture B4 3C is thermodynamically stable over B4C due to the
entropy arising not only from the configurational disorder
of C? residing in B1;C? icosahedra, but also from the con-
figurational disorder between B;;C?(CBC), B,(CBC), and
B2(B4). We note further that this could also be an explanation
of why synthesizing boron carbide with the ideal stoichiomet-
ric composition of B4C (20 at. % C), generally performed at
high temperature, results in a mixture of boron carbide with
a carbon content slightly lower than 20 at. %, i.e., B~43C,
and free graphitelike carbon [61,62], and thus no successful
synthesis of the ideally stoichiometric boron carbide B4C has
ever been reported.

Figure 6 shows the electronic density of states of B43C,
calculated at 0 and 500 K. We find that adding both B;,(CBC)
and B, (B4) with a ratio of 2:1 into a matrix of B;; C?”(CBC) to
form B4 3C not only preserves the electrically semiconducting
character of boron carbide but also gives rise to midgap states.
As can be seen from Fig. 6, the unoccupied midgap states of
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FIG. 6. Electronic density of states of B,3;C, (a) calculated at
0 K and (b) randomly chosen from 1 out of 40 snapshots of AIMD
simulations, equilibrated at 500 K. Dotted lines at 0 eV indicate the
highest occupied state.

B4 3C appear as the two sharply defined peaks in the band gap,
and their origin is attributed to the presence of the rhombic
B4 chain. As demonstrated in the previous theoretical studies
of boron carbide [31-35], one of the peaks is assigned as
the split-off valence states, while the other peak appears as
impurity states. As the concentration of B»(B4) increases,
the unoccupied defect states widen and form an impurity
band, eventually overlapping with the conduction band. We
note that the overlapping of the impurity band, arising from a
high concentration of B, (B4), with the conduction band was
previously predicted for boron-rich boron carbide B¢ 5C, rep-
resented by [Blz(CBC)]o'm[B]Q(B4)]0‘33 [33—35] HOWGVCI‘,
in the dilute limit, the sharpness of these states indicates an
impurity-band-type character.

At 0 K, the electronic band gap, defined by the distance
between the valence-band edge and the conduction-band
edge, of B43C is estimated to be 2.94 eV. This is similar to
that of B4C. The midgap states, however, appear at ~1.7eV
above the valence-band edge, and this value would further
reduce to ~1.1eV, if the effect of phonon-induced zero-
point renormalization on the electronic band gap [57-59] was
taken into account in the standard DFT-estimated band gap
of B43C. This would result in an underestimation of around
47% with respect to the experimental value, which is what
would be expected from the standard DFT calculations, where
the electronic exchange-correlation effects are derived within
the generalized gradient approximation [20-22]. As a conse-
quence, the appearance of the midgap states in B4 3C, resulting
from adding a small fraction of B;,(CBC) and B;,(B4) into
the matrix of B;;C?(CBC), provides a good description of the
electronic band gap for carbon-rich boron carbide, which is
also in line with the experiments [23,63,64].

Figure 7 illustrates the mean positions of the conduction-
band edge and of the lowest unoccupied midgap state of
B4 3C, derived from the AIMD simulations, with respect to the
position of the valence-band edge. We observe that, regardless
of the gap states, the actual band gap of B4 3C decreases faster

3 T T

N RN e—e Conduction band edge ( or Eg)

2.5 S S o—e The lowest unoccupied gap state

E-E,(eV)

0 500 1000 1500 2000
Temperature (K)

FIG. 7. GGA-PBE96 estimated mean positions of the
conduction-band edge (solid black circles) and of the lowest
unoccupied gap state (solid red circles), evaluated from the AIMD
simulations of B43;C equilibrated at 500, 1000, 1500, 2000, and
2250 K, with respect to the Fermi level (Ef) located at the
valence-band edge. The error bars represent the standard deviation at
95% confidence interval of the mean values, while the dashed lines
indicate the maximum and minimum values of the positions among
the 40 snapshots during the AIMD simulations at the corresponding
equilibration temperature.

with increasing temperature as compared to that of B4,C. In
addition, we find that the mean value of atomic displacements,
induced by the lattice vibrations at a particular temperature,
of B43C is larger than that of B4C. For example, at 2000 K,
the mean atomic displacement of B4;C is 0.288 A, while
it is 0.208 A for B4C. These results could imply that the
interatomic bonds in B4 3C are, on average, weaker than those
of B4C, and thus the temperature effects, such as thermal
expansion, could be relatively stronger for B4 3C.

IV. CONCLUSION

We have performed first-principles calculations to inves-
tigate the effect of temperature and configurational disorder
on the electronic band gap of carbon-rich boron carbide, in
particular B4C represented by B;;C?(CBC). Our simulations
reveal that the volumetric thermal expansion and the thermally
induced configurational disorder of the icosahedral C? atoms,
residing in the B;C? icosahedra, have a minimal impact on
the electronic band gap of B4C. At 298 K, the band gap of B4C
is estimated by standard density functional theory calculations
to be 2.74 eV, overestimating the experimental band gap of
2.09 eV, obtained from the optical measurement of By3;C
[23], by approximately 31%. We, however, find that config-
urational disorder induced by introducing a small fraction of
thermodynamically favorable B;,(CBC) and B;,(B4) into the
matrix of B;;C?(CBC) to achieve the composition of B43C
leads to a smaller band gap of 1.7 eV due to the appearance
of the midgap states. The existence of such structural motifs
could thus resolve the previous discrepancies in terms of the
electronic band gap of carbon-rich boron carbide between
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experiment and theoretical calculations, carried out via stan-
dard DFT calculations of the idealized B;; C”(CBC).
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