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Ab initio density functional theory (DFT) and DFT plus coherent potential approximation (DFT + CPA) are
employed to reveal, respectively, the effect of in-plane strain and site-diagonal disorder on the
electronic structure of cubic boron arsenide (BAs). It is demonstrated that tensile strain and static
diagonal disorder both reduce the semiconducting one-particle band gap of BAs, and a V-shaped p-
band electronic state emerges — enabling advanced valleytronics based on strained and disordered
semiconducting bulk crystals. At biaxial tensile strains close to 15% the valence band lineshape relevant

for optoelectronics is shown to coincide with one reported for GaAs at low energies. The role played by
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consistent with experimental observations. These findings illuminate the intricate and interdependent
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. Introduction

Boron arsenide (BAs) crystallizes in the zinc-blende phase
(depicted in Fig. 1), which is isostructural with other III-V
semiconductors such as GaAs, and is a p-type semiconductor as-
grown." Compared to other III-V zinc-blende-type compounds,
BAs had until recently not been considered suitable for appli-
cations due to difficulties with synthesizing high-quality single
crystals. However, recent fabrication of highly pure samples of
cubic BAs, and subsequent measurement of high room
temperature thermal conductivity (in the range from 900 to
1300 W mK ™" (ref. 2)), have placed BAs at the forefront of
materials research for future optoelectronic®® as well as photo-
electrochemical® applications. More precisely, within the
context of electronic and optoelectronic materials, cubic BAs is
expected to be useful for ultrahigh thermal management,” one
of the prime challenges when operating electronic devices.
Additionally, its low density, large resistivity, its isoelectronic
configuration to that of Si, and feasible alloying with GaAs,® all
open doors to versatile microelectronic applications of BAs.®
Experimental studies to date have indicated an inherent
band gap between 1.46 and 2.1 eV in cubic BAs bulk crystal.****>
Computational studies using density functional theory (DFT)
revealed that the band structure of BAs is similar to other boron
pnictides'® as well as to GaAs.'* Moreover, a previous theoretical
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work has shown the absence of negative frequencies in the
phonon dispersion, providing support to the stability of BAs
crystal.'”” In BAs the conduction band minimum occurs along
the I'-to-X direction and has p-band character, in contrast to
AlAs, GaAs, or InAs, where the s-like conduction band minimum
is found at the I'-point. The difference may be attributed to the
low energy position of the p orbitals of boron ions,® as a result of
strong covalence between B and As. Moreover, according to
earlier DFT studies, the indirect band gap, as well as the lowest
direct band gap (at I), could be substantially different
depending on the theory and approximations applied, with
estimated values being between 0.7 and 2.07 eV.">' For the sake
of clarity, we shall mention here ref. 17 which explore the role
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Fig.1 Schematic unit cell of the zinc-blende-type crystal structure of
cubic BAs bulk crystal. B and As are represented as small and large
spheres, respectively.
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played by different exchange-correlation functionals and spin-
orbit coupling, showing that the band gap of BAs crystal can
vary from 1.197 to 1.717 eV. Here, based on generalized gradient
approximation (GGA) we estimate an indirect gap of 1.22 eV.
This result agrees well with the values computed in earlier GGA
calculations,'®* which also slightly underestimates the band
gap of the BAs bulk crystal.

For both fundamental and applied purposes it is worth
noting here that the relationship between the energy of an
electron and its momentum is determined by the band struc-
ture of the system, with the local minimum in the conduction
band and local maximum in the valence band being referred to
as valley,”® whose topology is governed by the crystal structure
and chemical composition of the material. Thus, in addition to
orbital, charge and spin, electrons in semiconductors and
semimetals may also host valley degrees of freedom.> Similar to
spin in spintronics,”” the valley degree of freedom opens the
possibility to store and carry information, leading to an
emerging device concept for electronic applications now known
as valleytronics.>*** In valleytronic materials® electrons can
populate low-energy valley states (or inequivalent local energy
extrema), providing an additional quantum index which
introduces forefront paradigms to quantum information pro-
cessing.” In addition to traditional semiconductors, such as
AlAs,** which have multiple valleys in the conduction bands
located near the high symmetry points in the Brillouin zone,
earlier works have reported tunable electronic structure and
valley polarization of Dirac fermion sytems,* such as gra-
phene,* bismuth,?® and Cd;As,.”® One of the most documented
tuning knobs is the lattice strain, widely used in the semi-
conductor electronics industry to increase carrier mobilities.****
In valleytronics, strain directly affects the valley-dependent
energy dispersion,® including manipulating the band gap size
of conventional semiconductors****** as well as of the spin-
valley-coupled Dirac semimetals* with V-shaped band disper-
sion near the Fermi energy, Er.

Here, based on first principles band structure calculations
we report the electronic structure reconstruction of an in-plane
strained cubic BAs bulk crystal, exhibiting strain-tunable band
gap narrowing, and emergence of a V-shaped p-band electronic
dispersion suitable for advanced valleytronics. This study is
timely, as straining BAs has become a viable technological
approach. Namely, in their seminal work,** Cui et al. recently
demonstrated that self-assembled cubic BAs (also referred to as
s-BAs) can be highly deformable, to support uniaxial strains
above 500% of its original size, similarly to homogeneous
elastomers. In addition, the s-BAs can be compressed or
strained to random geometries without leading to a mechanical
breakdown, which recommends it for application as a thermal
interface material. Thus, a thermal interface based on s-BAs
with both high thermal conductivity and high flexibility is ex-
pected to find applications in flexible thermal cooling, soft
robotics, among other emerging areas of flexible electronics.*”

Last but not least, it is of high relevance to above mentioned
applications to understand the effect of the ever-present
disorder in the experimentally synthesized BAs bulk crystals
on the resulting electronic properties. For that purpose, we
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extend our first principles calculations to include the coherent
potential approximation and examine the role of point defects
on As sites in the electronic properties, with special attention
paid to vacancies and antisites®® - being main actors as intrinsic
lattice disorder in the BAs system.*” Coupled to the observed
tunability with strain, these results recommend BAs for further
exploration towards advanced p-band electronics and
valleytronics.

II. Results and discussion

A. Ab initio methodology and electronic structure of pristine
cubic BAs

Herein, we carried out ab initio DFT calculations as imple-
mented in the SIESTA simulation package®® to compute the
electronic band structure and spectral functions of normal and
strained BAs bulk crystal. The exchange and correlation part of
the total energy was computed using GGA within the Perdew-
Burke-Ernzerhof (PBE) functional® along with the DZP* basis
set. Non-relativistic pseudopotentials parameterized within the
Troullier-Martins formalism were also used.*' As shown in our
earlier studies, these combined approximations can accurately
describe the electronic properties of pristine and strained gra-
phene* as well as pressure-induced electronic structure recon-
struction phosphorus allotropes.* The unit cell of the cubic BAs
consists of 8 atoms. For integrations over the Brillouin zone,
a well-converged Monkhorst-Pack (MP) k-point mesh** of 10 x
10 x 10 (commensurating with the lattice vectors) was used. We
consider the cubic F43m structure of BAs with two atoms in the
primitive cell and with an experimentally reported lattice
parameter of @ = 4.777 A.** In order to find the equilibrium
geometry of strained BAs, we minimize the energy with respect
to the cubic lattice parameter a. Moreover, for strained BAs
structural relaxation was performed using the conjugate-
gradient method until the absolute value of the components
of the Hellman-Feynman forces were converged to within
0.03 eV A™*. The convergence with respect to the energy cut-offs
was performed and the default energy cut-off value of 200 Ry
was found to be sufficient. To establish a good accuracy between
our results and computational costs, the tolerance in the matrix
density was set to 10~ * eV.*

In Fig. 3 we show the atom- and band-resolved density-of-
states (DOS) of cubic BAs bulk crystal calculated using the
GGA within the valence configurations 2s*2p" and 4s*4p® for B
and As, respectively. As seen in the left upper panel, due to
strong covalence the valence and conduction bands are nearly
equally composed by both boron and arsenic p-type orbitals at
low energies, with the valence band maximum almost reaching
Eg. The conduction band is also mostly governed by threefold
degenerate p-band electronic states, with the conduction band
minimum being located at energies close to 1.2 eV above Er. As
visible in the lower left panel, valence band of cubic BAs has
significant additional s-type contributions from both B and As
at high binding energies. As mentioned above and consistent
with earlier studies,'®'®* the size of the indirect band gap
determined from our electronic band structure calculation for
unstrained BAs crystal is 1.22 eV, as shown in Fig. 2. Finally, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Electronic band structure of unstrained BAs bulk crystal. Notice
the 1.22 eV indirect gap between the I' and X directions of the first
Brillouin zone.
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Fig. 3 Partial (left) and total (right) density of states (DOS) of the cubic
BAs bulk crystal. Notice the nearly similar p-band DOS near the Fermi
energy Er = w = 0 due to large p-band hybridization. [In the right panel
a vertical dashed line at w = 0 marks the position of the Fermi energy.]

p-type semiconducting nature intrinsic to cubic BAs bulk crystal
is also manifested in total DOS (Fig. 3, right panel), where
a small amount of hole doping would naturally introduce
dominant p-band carriers in the electrical conductivity.*

B. Tunability by strain

It is now recognized that under external perturbations such as
pressure or lattice strain the hopping elements of pnictides
semiconductors and semimetals, including the one-particle
band gap, can be renormalized in diverse and rather non-
trivial ways.>**?**® We recall here, for example, the work by
Liu et al.,>* showing that the one-particle band gap of func-
tionalized SbAs monolayers has a non-intuitive dependence on
strain, where the band gap decreases gradually to zero and then
increases with increasing elastic strain. Also interesting in this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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context is the study of the BAs heterostructure by Bushick et al.,*
showing that isotropic biaxial in-plane strain and pressure
decrease the band gap size. Moreover, based on atomistic
calculations it has been predicted in ref. 3 that 1% biaxial
tensile strain increases the in-plane electron and hole mobil-
ities at 300 K by more than 60% as compared to the unstrained
BAs, due to reduced electron effective masses and hole inter-
band scattering processes. Finally, the effect of biaxial strain on
the electronic properties of hexagonal BAs single-layer (h-BAs)
has been studied theoretically in ref. 49, by applying strains
from 2 to 14%, to reveal that this mono-layer material behaves
as a direct band gap semiconductor for strains up to 8%; the
band gap of h-BAs changes from direct to indirect, and its size
decreases with further increasing strain. Interestingly, this 2D-
like system becomes metallic under biaxial strain of 14%.
Latter semiconductor-metal transition is caused by the
lowering of the conduction band, reaching Er at the threshold
strain of ~12%. Below, we show that similar electronic structure
evolution is characteristic also of strained BAs bulk crystals.
Fig. 4 shows the atom- and orbital-resolved p-band DOS of
BAs as a function of the in-plane biaxial lattice strain. Several
interesting and distinguishing features are seen in this figure,
when compared to the unstrained spectral function. First, there
is an overall downshift of the conduction band states toward
lower energy values, while the valence band maximum is
stabilized and almost pinned at energies very close to Ef.
Second, the intensity of the lowest-energy van Hove-like peak in
the p, DOS of B and As progressively grows with increasing

-6

o (eV)
Fig. 4 Effect of strain on the atom- (left panel B, right As) and orbital-
resolved p-band DOS of the BAs bulk crystal. Notice the lowering of

the conduction band states and the systematic reduction of the band
gap with increasing strain.
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Fig. 5 Effect of biaxial lattice strain on the total DOS of a BAs bulk
crystal. Notice the slightly larger band gap of BAs as compared to
GaAs® and the nearly similar valence (conduction) band low-in-energy
lineshape between 15% (10%) strained BAs and the unstrained GaAs
semiconductor.®® Also noteworthy is the resulting nearly linear V-
shaped spectra at large strains, shown in the inset.

strain. Third, and more surprisingly, a V-shaped like DOS
characteristic of Dirac semimetals emerges near the semi-
conducting-semimetallic electronic transition, as seen in our
results for the atom-resolved p, DOS at 10% strain in Fig. 4. Also
remarkable is the lifting of the orbital degeneracy characteristic
of cubic BAs bulk crystal, with the p, orbital showing distinct
spectral features as compared to the twofold degenerate py,
orbitals. As visible in Fig. 4, the valence and conduction band
spectra show appreciable one-particle band narrowing with
increasing strain. Interesting as well, and consistent with earlier
calculations for single-layer boron pnictides," are our results
for the total DOS in the main panel of Fig. 5, showing how the
occupied and unoccupied Dirac-like V-band lineshape
progressively emerges in BAs with increasing in-plane biaxial
strain.

To better visualize the systematic evolution of the nearly V-
shaped one-particle spectral function of strained BAs, in the
inset of Fig. 5 we display the total spectra for the in-plane biaxial
strain between 15 and 25%. As seen, upon increasing strain
a consistent trend is observed in our reconstructed spectral
functions, with the V-like total DOS being less particle-hole
asymmetric and closely following a linear behavior in the energy
range of £2.0 eV. According to this result, an all-electron
semimetallic electronic state with characteristic akin to Dirac
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fermion systems™ is predicted to emerge in highly strained BAs
bulk crystals.

C. Assisted effect of disorder

Owing to the importance of BAs bulk crystal for technological
applications, we recall here that cubic BAs is known to incor-
porate high concentrations of crystal imperfections that can act
as sources of p-type conductivity.”” The latter has been attrib-
uted to the formation of native defects due to experimental
grown conditions® as well as to unintentional acceptor impu-
rities such as silicon and carbon, all potent to induce p-band
conductivity.  Interestingly, temperature  photo-
luminescence measurements of BAs bulk crystals revealed
impurity-related recombination processes (including donor-
acceptor pair recombination).*” It has also been found in ref. 47
that B impurities can be incorporated on the As sites, forming
electrical antisite complexes. Finally, it has been reported
theoretically that vacancies and antisites are rather typical point
defects in BAs bulk crystals,*® both acting as intrinsic lattice
disorder in the system.*”

In what follows, we, therefore, focus on the effects of site-
diagonal disorder in the As electronic states of a BAs bulk
crystal. Here, we treat the disordered BAs within the DFT plus
coherent potential approximation (DFT + CPA), which allows for
an exact treatment of binary disorder in the limit of high lattice
dimensions.”»*® Generally speaking, our scheme is the uncor-
related limit of that applied to the disordered Hubbard model,**
where the effect of site-diagonal disorder is modeled by incor-
porating an Anderson-like disorder term Hgis = > ;njq, (ref. 54)

lao
in the bare one-electron Hamiltonian of BAs bulk crystal, which
reads Hy = Zea(k)clmcka, + Z(eéo) — W)Nige. Here, a = x, Y, 2

kao ias

labels the diagonalized p-bands, ¢,(k) is the one-electron band
dispersion, which encodes details of the one-electron (GGA)
band structure, u is the chemical potential, and £ are on-site
orbital energies of pristine and strained BAs, whose bare
values are read off from the GGA spectral functions. In the spirit
of ref. 52 and 55 we restrict ourselves to a binary-alloy distri-
bution for disorder, therefore the disorder potentials v; at the As
sites are specified by the probability distribution P(v;) = (1 — x)
6(v;) + x6(v; — ), meaning that upon incorporation of chemical
disorder a fraction x of As sites will have an additional local
potential é for an electron hopping onto that site. In other
words, the As-4p carriers of BAs bulk crystal experience different
local environments in the course of their hopping, and the
physical object which accounts for this effect is the CPA.*>*° The
detailed formulation of the disordered problem treated within
CPA®* has already been developed and used in the context of p-
band semiconductors® and semimetals,*® so we do not repeat
the equations here.

Fig. 6 shows the changes in the electronic structure of an
unstrained BAs bulk crystal, for different disorder parametri-
zation. The ¢ values used in this work are taken from the center
of gravity of the B (4.9 eV) and As (2.3 eV) total DOS, and in our
CPA calculations they correspond to antisite defects (i.e., B ions
on As sites) as well to As vacancies, whose deep-trap level® is

low

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of site-diagonal disorder in the As total DOS of pristine
BAs bulk crystal. Notice the changes in the electronic lineshape with
increasing the concentration x of local disorder. The lower and upper
panels display, respectively, the effect of disorder due to B-antisites (6
= 4.9 eV) and As-vacancies (6 = —2.3 eV).

assumed to be the negative of As center of gravity. The most
salient feature to be seen in the panels of Fig. 6 is that sizable
electronic reconstruction is predicted to emerge in unstrained
BAs due to site-diagonal disorder effects with increasing the
concentration x of disordered As lattice sites. Particularly
interesting is the emergence of p-type conductivity” upon
incorporation of B-antisite defects. This is characterized by the
appearance of low-energy electronic states in the reconstructed
DOS near Eg.

Even more interesting, however, are our results in Fig. 7,
showing the changes in the electronic structure of disordered
BAs bulk crystals for the two values of 6 mentioned above, for
fixed disorder fraction x = 0.1. As seen, strong electronic
reconstruction is predicted to emerge due to the combined
effect of site-diagonal disorder and lattice strain, inducing p-
and n-band conductivity upon incorporation of B-antisite
defects (lower panel) and As-vacancies (upper panel). What
lies at the origin of these low-energy features? In a disordered
system, incoherent scattering between different carriers in
orbital states leads to site- and orbital-dependent shifts of the p-
bands relative to each other, and renormalized scattering rates®
due to sizable ¢ cause appreciable spectral weight transfer over
large energy scales, from high to low energies. This leads to
a self-consistent modification of the spectral lineshape, as
shown in Fig. 6 and 7. In accordance with earlier studies,>>>%¢¢*
broadening-induced quantitative changes in the electronic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of site-diagonal disorder in the As total DOS, for x = 0.1
and two different values of ¢ (two types of defects), for different values
of biaxial strain from 5 to 25%. Notice the emergence of p- (lower
panel) and n-type (upper panel) conductivity due to B-antisites (6 = 4.9
eV) and As-vacancies (6 = —2.3 eV), respectively. Noteworthy as well is
the asymmetric V-shaped semimetal behavior in both panels.

structure reduce the band gap and modify the low-energy elec-
tronic lineshape near Eg, both in normal (Fig. 6) and highly
strained (Fig. 7) BAs bulk crystal. As visible in Fig. 7, the inter-
play between strain and incoherent scattering arising from B-
antisites and As-vacancies yields the emergence of pseudogap-
ped spectral functions in strained BAs with similarities akin to
disordered Dirac liquids: the incoherent semimetal found upon
application of strains above 10% is thus predicted to be the
counterpart of the marginal Dirac liquid found in disordered
silicene.”® More theoretical and experimental work on disor-
dered semiconductors and semimetals® are called for to
corroborate our prediction of strain-assisted V-shaped dirty
Dirac-like liquids.®

As a final remark, it is known that complementary elec-
tronics require both, p- and n-type semiconductors.** Hence,
according to our results in Fig. 6, disordered BAs at strains
above 10% are predicted to exhibit coexisting p- and n-type
semiconducting characteristics, however, of ambipolar nature
since the concentrations of electron and hole carriers would not
be comparable. The implications of our results in Fig. 6 are
rather remarkable in our opinion, since different transport
polarities are predicted to exist in one single isostructural
material system. According to our results, we propose that
strained BAs with chemically engineered B-antisites and As-
vacancies could feature intrinsic particle-hole asymmetric

RSC Adv, 2023, 13,17907-17913 | 1791
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differential transconductance under positive and negative gate
bias. Future studies should show whether this is in fact ob-
tained in dirty BAs (or analogues) under sizable strain condi-
tions. Once validated, our prediction may have far-reaching
implications for integrated complementary electronics and data
processing capability in a single device,* thus significantly
advancing the electronic circuit design.

1. Conclusions

In summary, using first-principles calculations augmented by
coherent potential approximation for disorder, we have
analyzed the strain- and disorder-induced electronic recon-
struction and orbital differentiation of a BAs bulk crystal. We
have revealed a variety of intricate one-particle effects that arise
even with moderate strain values and disorder fractions. We
find that both the in-plane strain (tensile or compressive) and
disorder reduce the band-gap of BAs, and both promote the
electronic state containing V-shaped Dirac-like valleys at the
Fermi level. In absence of strain, the kind of defects at As sites
(i.e. be it arsenic vacancies or boron substitutions) determines
whether the conductivity will be of p or n type.

Since BAs bulk crystals are known to be stable at even
extreme strains, and disorder in ever-present in grown crystals,
our study provides a useful guide for future experiments. It also
highlights the utility of first-principles and combined DFT +
CPA calculations as fertile platforms to explore novel physical
phenomena, including tuning the semiconducting band gap.
This in turn opens prospects to further fundamental insights
into localization-delocalization transition due to Anderson
lattice disorder®® in real p-band semiconductors and
semimetals.
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