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In this study, we present optical and electron energy loss spectra of BAs using linear response time-
dependent density functional theory. The spectra show the effects of local field and electron—hole
interactions. The excitonic effects are included by considering the long-range-corrected and bootstrap
exchange—correlation kernels. When the optical spectra from the long-range corrected and bootstrap
kernels are compared with those from random phase approximation and adiabatic local density
approximation, clear signatures of electron—hole interactions are observed. The current study marks the
presence of continuum excitonic effects. The exciton binding energies of 38 and 44 meV deduced from
long-range-corrected and bootstrap kernels using the hydrogenic model, respectively, are very close to
the data obtained from GW-Bethe—Salpeter equation. It is found that the local-field effects reduce
whereas electron—hole interactions enhance the high-frequency dielectric constant. Moreover, a clear
modification in the electron energy loss spectra is visible after incorporating the local-field effect. We
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1. Introduction

The last few years have witnessed the revival of research interest
in boron compounds. This is attributed to the technological
importance of these compounds in high-temperature, elec-
tronic and optical applications. Among the boron compounds,
boron arsenide (BAs), crystallizing in the zinc blende (zb)
structure, is an attractive material because of its high thermal
conductivity and similarity of its band structure with Si to
a large extent. Due to its high thermal conductivity, it has
become important for efficient heat dissipation in microelec-
tronic applications. In addition, BAs is of particular interest
because of its highly covalent nature. Furthermore, due to the
small core size and lack of p electrons in B, boron compounds
display unusual dielectric behavior compared with other III-V
and II-VI compounds.

Lindsay and Feng et al. independently reported the ultrahigh
thermal conductivity (k) of cubic BAs crystals using the first-
principles method."” In experimental studies, major break-
throughs were achieved by growing high-quality cubic BAs
crystals by three research groups.*® However, discrepancies
between the predicted and measured values of « inspired
researchers to study this material further.
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developed by the authors is considered.

The above studies were focused on high-temperature appli-
cations and thermal conductivity. Notably, B and As have
similar order of electronegativity; hence, this simple compound
is likely to have intriguing bonding and optical properties. Such
studies on BAs began in the early seventies. A number of
theoretical studies have been performed to examine the phys-
ical properties of cubic BAs; however, only a few of them have
been devoted to the study of optical properties.®>® Recently,
Barboza et al. investigated the effects of hydrostatic pressure on
the electronic, excitonic, and optical properties of zb BAs using
first-principles methods combined with a maximally localized
Wannier function tight-binding model and the Bethe-Salpeter
equation (BSE) formalism.*® Acharya et al. reported the excitonic
spectrum taking g = 0 and finite q. They observed bright optical
transitions at 4 eV.*” Bushick et al. determined the electronic
and optical properties of BAs using density functional theory
(DFT) and many-body perturbation theory (MBPT), including
quasiparticle (QP) and spin-orbit coupling corrections.?®
Buckeridge and Scanlon computed the electronic band struc-
ture and optical properties using the relativistic QP self-
consistent GW approach, including electron-hole (e-h) inter-
actions through solution of the BSE.** Using first-principles
methods, Bravi¢ and Monserrat studied the role of tempera-
ture on the optoelectronic properties of BAs, considering elec-
tron-phonon interactions and thermal expansion.** The
monolayer and h-BAs have also been investigated using first-
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principles methods to unravel the strain-dependent thermo-
electric, electronic and optical properties.**™**

On the experimental side, Kang et al. measured refractive
index using the Fabry-Pérot interference.”* Song et al. system-
atically measured the optical properties of high-quality
millimeter-sized BAs crystals using spectroscopic ellipsometry,
transmission and reflection spectroscopy, together with DFT
and MBPT, considering QP and excitonic corrections. The
measured indirect and direct band gaps were found to be 2.02
and 4.12 eV, respectively.*® Mahat et al. measured refractive
index using the Brewster angle measurement technique.*

Excitons play an important role in describing the optical
properties of materials.*® The MBPT, using the GW approxi-
mation and the BSE, is generally employed to describe exciton-
mediated optical properties.*>*” Time-dependent density func-
tional theory (TD-DFT) is also an efficient alternative
approach.”® It is highly effective for studying neutral excita-
tions.*”* In this theory, the description of optical spectra
depends essentially on the exchange-correlation (XC) kernel. To
capture the excitonic effects, the kernel must behave as 1/¢> in
the long-wavelength limit.*>** The most common approxima-
tions for the XC kernel are the random-phase approximation
(RPA) and the adiabatic local density approximation (ALDA). In
RPA, the XC kernel is zero,** whereas in the ALDA the XC kernel
is local and static.>*** Both these approximations fail to capture
excitonic effects due to their inability to capture the long-range
behavior. Further, the long-range-corrected (LRC) kernel
proposed by Reining et al.®* and the bootstrap (BS) kernel
proposed by Sharma et al.** accommodate the 1/¢° behavior.
Hence, these are promising choices for the accurate description
of the effect of excitons on the optical spectra within the TD-
DFT.

The linear-response TD-DFT describes optical spectra very
accurately in materials wherein intense e-h interaction is at
work. The intense e-h interaction is characterized by the exciton
binding energy varying from a few meV to about 100 meV vis-
a-vis the continuum. The exciton binding energy in BAs is
around 43 meV.*® Some authors have reported that it lies within
the 23-133 meV range.”®*®> The inadequate treatment of
dielectric screening is found to be a major reason for variation
in this estimate.’® Nevertheless, these values signify that exci-
tons are relatively stable against thermal dissociation at room
temperature.

Very recently, the thermoelectric properties of BAs have been
reported. This is found to be a p-type thermoelectric
material.******> The power factor of this compound shows low
recombination; hence, the formation of e-h pairs is more
probable. This is why the optical and electron energy loss
spectra (EELS) of BAs are largely mediated by the e-h interac-
tion. These features motivated us to select BAs for the investi-
gations. Additionally, it is worth mentioning that Resta and
Baldereschi have pointed out the intense local field effect (LFE)
in ionic compounds, which has not been considered in earlier
investigations.®® It is recognized that the exciton oscillator
strength is lower in covalent crystals and is not more than 10%
of the oscillator strength of the NaCl-type ionic crystals.** Being
covalent in nature, zb BAs offers a suitable electronic
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environment to examine the local field and excitonic effects.
Very recently, an alternative approach, developed by the current
authors to find the material-dependent parameter « required in
the LRC kernel, delivered encouraging results on some zb and
antifluorite crystals of ionic nature.®**® The «-parameter
deduced this way accounts for the dielectric screening more
effectively. This is why it would be interesting to apply this
method to the covalent compound BAs.

Therefore, in this paper, a systematic study of the electronic
and optical properties is undertaken, deploying advanced
theoretical tools such as linear response TD-DFT. After settling
the ground state, the dielectric properties, refractive indices and
reflectivity are calculated and discussed. In addition, the EEL
spectra are presented. Lastly, the effect of «, calculated by using
our scheme, on the optical constants and EELS is analysed
critically.

2. Methodology

2.1. Theory

In this section, we briefly summarize the methodology of linear
response TD-DFT calculations. More details can be found in
previous work.**%” The excited state calculations were per-
formed within the linear response TD-DFT regime. In this
theory, a Dyson-like equation for the density-density response
function of the fully interacting system is given by:*

x(r,r',t— t/) :j

©

dt”J dBVNXKS (V7 r”7 P t") 5(;'” _ r,>(3<t" B t,)

—o0
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where xs is the linear density-density response function of the
non-interacting Kohn-Sham (KS) system. The expression for the
response function of interacting system in frequency space is:
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where fxc(r”’, ¥, ) is the XC kernel and is defined as:”>™
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In the current work, three choices for the fxc are considered. In
the ALDA the kernel is expressed as:****”>
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Secondly, the LRC kernel developed by Reining et al
considers the long-range behavior adequately.® In crystals, the
XC kernels covering long-range behavior in the limit g — 0 offer
a few nice alternatives. The LRC is formulated to account for the
long-range behavior in periodic solids. It has the form:”>"*

;1(‘(1§C<q7 G, G,) :_ﬁé(G—G», (5)

where « is a material-dependent parameter.
Thirdly, the parameter-free BS kernel developed by Sharma
et al. has the form:>*”*

e (q, G, G/7 W= 0)

12(4.6,6 0) = (6)

sz<q,G:0,G’ :o,wzo)'

This kernel has the advantage that no system-dependent
external parameter is required. Additionally, for comparison,
we have also performed calculations using RPA, where fxc = 0.

In reciprocal space, the response function can be written
as:*

X(G,G’,q,w> :Z

G//

(G, — Gy) — ZXKS(Gh G3,q, ) X (
Gy

where g belongs to the first Brillouin zone (BZ) and G, G’ are the
reciprocal lattice vectors. The x thus deduced is a matrix. This
equation can formally be written as:">7®

x = xks *t xxs(V T fxo)x (8)

or

X = xxsll — (v + fxc)xxs]l ™ )

Crystal LFE are contained within the Coulomb potential
term v, which is a functional derivative of the Hartree potential
with respect to density. If one includes only the long-range part
of the Coulomb potential, vs—o(g), then the microscopic
response of the system to the external macroscopic field, the
LFE, is neglected, and one only needs to calculate the head of
the dielectric matrix, &y,. However, if one includes the G #
0 terms, then eg¢ is off-diagonal, and thus, matrix inversion has
the effect of mixing the previously independent transitions.”””®

In reciprocal space, the inverse dielectric function can be
written as:

¢! (G, G’,q,w) - 5(0— d)

41':6<G _ G”> o
+G~mx(0 G g0). (0)
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Thus, the inverse dielectric function follows directly from the
response function. More often, the macroscopic dielectric
function ¢y is also used to describe the optical spectra. This
function is defined as:”**

(11)

em(w) =¢ +ieg=lim——
0=0eg_q_o ' (4, w)’
where the case G = G’ = 0 delivers the head element of the
¢ (G, G, q, ) matrix. Eqn (11) takes into account the crystal
LFE because the dielectric matrix is inverted before the
macroscopic average G = G’ = 0 is taken.
The loss function £(w) that characterizes the EELS is given
by:
&(w)

- e12(w) + &2(w) (12)

) = m{ 5}

The equation implies that the spectral features in EELS are
given by regions where ¢, has a peak corresponding to some
interband transition, or ¢, is very small and ¢; vanishes. The

Xxs <G,7 GJ'>‘I> w>7

G.G

)
+ fxc(G3, G, q, w))}

(7)

latter condition determines the energy of the collective plasmon
excitation.®*®

2.2. Alternative approach to find material-dependent
parameter o in LRC

The empirical pseudopotential method (EPM) was originally
developed to find electronic band structure from valence elec-
trons of semiconductors and to study the reflectivity spectrum.
The pseudopotential is constructed from a set of form factors
(FFs). With advanced computational resources, one can refine
the pseudopotential FFs. The refined sets of FFs have produced
good results for the charge density, momentum density, elastic
constants and reflectivity spectrum of several semiconducting
compounds.?®® The FFs are available to construct the crystal
potential with and without considering the /-dependent non-
local effects for some IV, III-V and II-VI semiconductors.®® In
some cases, non-local pseudopotential methods have also been
used to compute the momentum density distribution, which is
compared with the experiment.*” In general, the FFs consid-
ering [-dependent non-local effects give properties, such as
momentum density, that better reconcile with experiments.

The excitonic physics within TD-DFT can be unfolded using
the LRC kernel. However, as discussed earlier, it requires
a material-dependent parameter «. A few methods have been
suggested by a number of workers to find «.”>”>”® The expres-
sion derived by Botti et al.” is:

o =4.615,"" —0.213. (13)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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This relation contains the dielectric constant, which is
a measure of the screening of the e-h interaction. The screening
effect can also be captured by the polarity, defined by Vogl.**
The polarity is related to the symmetric (Vs) and antisymmetric
(Va) FFs by the following formula:*

(14)

One can use FFs to derive dynamic effective charges, elastic
constants, and reflectivity spectra of a number of semi-
conducting compounds. Si and Ge are perfectly covalent semi-
conductors in the Vogl definition.*® This amply recognizes that
FFs also capture photon-lattice interactions, which is vital to
describe the optical properties. Good quality optical spectra can
be obtained using this FFs scheme if one chooses the finely
tuned FFs for a compound. Therefore, this scheme is a good
alternative to the method proposed by Botti et al. to capture the
physics covered by a.”

Recently, efforts to relate the parameter o with FFs have also
been made by Arruabarrena et al.** They introduced a non-
negligible surface term and discussed its effect on the evalua-
tion of exciton binding energy. The magnitude of this surface
term for a few semiconductors is estimated using the Bloch
functions derived from FFs proposed by Cohen-Bergstresser.*®

3. Computational details

All calculations are performed by applying the full potential
linearised augmented planewave (FP-LAPW) method.*"** Static
DFT calculations are performed taking the local density
approximation (LDA) proposed by Perdew and Zunger.>* The
muffin-tin radius for B and As was 1.64 Bohr and 2.18 Bohr,
respectively. The plane wave cut-off parameter rgkmax was set
to 7. The charge and energy self-consistent calculations were
performed taking a Monkhorst-Pack (MP) net of 20 x 20 x 20
size.** To achieve self-consistency, Broyden mixing was
considered.” The Murnaghan equation of state was fitted to the
E-V data thus generated to deduce the equilibrium lattice
constant, bulk modulus By, and the pressure derivative of the
bulk modulus B,.*

To find the response functions, many-body calculations are
built on top of the ground state deduced from DFT at the LDA
level. Since the optical calculations require a large number of k-
points in the BZ, convergence with respect to this parameter was
carefully achieved. The convergence test of the k-mesh size in
the optical calculations reveals that an MP net of 128 x 128 X
128 size is sufficient. In the linear response TD-DFT calcula-
tions, ten empty states per spin per atom were included, and
Gaussian-type smearing was applied, taking a width of 0.08 eV.
The parameter gmaxrf, which is the maximum length of G
vectors used in the calculation of the response function, was set
to 3 atomic units (a.u.).

The scissor correction (SC) is a standard practice to correct
the underestimation of the KS band gap resulting from the
electronic structure calculations. This is well accepted when the
optical properties of sp semiconductors and insulators are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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studied, since the optical spectra are largely determined by the
bands around the Fermi level.” The use of this correction in the
study of the optical spectra of semiconductors is corroborated
by Arnaud and Alouani et al.*” These authors point out that the
difference between the calculated optical spectra using the GW
quasiparticle energies, and the SC-corrected spectra is small for
Si and a few other semiconductors. Application of SC is widely
accepted by the community.***® It causes a rigid shift (RS) to the
optical and EEL spectra.”*®* In the current work, SC or RS of
0.82 eV, arising from the difference between experimental and
the LDA band gap, is applied.*

As mentioned earlier, RPA and three kernels, namely ALDA,
LRC and BS, were examined. The LRC kernel requires a material
parameter «, which can be deduced using three schemes.
Firstly, the empirical relation proposed by Botti et al.” is used,
which gives o = 0.29. For this, the experimental value of the
refractive index n = 3.04 is considered to find ¢, = n?, which is
equal to 9.242.*> Secondly, the « values obtained from the FFs of
X-As (X = Al, Ga, and In) series used in EPM are linearly
interpolated; this gives « = 0.41. Lastly, the symmetric and
antisymmetric FFs used by Da Ng and Danner were taken to
construct the local pseudopotential for BAs directly, which
delivers a = 0.71.*°

4. Results and discussion

4.1. Structural and electronic properties

The structural properties obtained from the set of computa-
tional parameters given in the previous section are presented in
Table 1. Results are in very good agreement with the experi-
mental values. Other available results are also listed for
comparison.

The band structure of the ground state derived using LDA is
shown in Fig. 1(a). The most relevant region for the optical
properties and interband transitions is highlighted in color.
The figure depicts an indirect band gap of 1.11 eV. The
minimum in the conduction band is towards the X point in the
I" to X direction. The direct excitation energies are: 3.30 eV at T,
4.72 eV at L, and 5.52 eV at X. Likewise, the direct energy gap
between one band above the lowest conduction band and the
top valence band at the L-point is 6.68 eV. All these character-
istic energies are marked by up-down arrows and denoted by E,
E;, E, and E'l, respectively. The direct band gap is 3.30 eV. As
expected for calculations at the LDA level, this is lower than the
experimental value of 4.12 eV.*

Table 1 Lattice constant (a), bulk modulus (Bg), and the first derivative
of bulk modulus (B,) of zb BAs. Experimental data are taken from
ref. 42

Other works

This work Theory [ref. 35] Experiment [ref. 42]
a(A) 4.73 4.744 4.78
B, (GPa) 147.63 147 148
3;) 4.15 4.14 —
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Fig. 1 Band structure of BAs calculated using (a) LDA and (b) LDA

with RS.

Self-energy is one of the fundamental concepts that accounts
for the difference between the theoretical eigenvalues and the
experimental excitation energies. The self-energy correction of
the conduction bands in several IV and III-V semiconductors is
independent of energy in general. Therefore, RS of all the
conduction bands to higher energies to reproduce the experi-
mental band gap has emerged as a common practice.'”* We
have also applied RS so that the band gap at I" coincides with
the experimental gap 4.12 eV.** This manifests as a shift in the
excitation energies to 4.12 eV at I, 5.55 eVat L and 6.34 eV at X.
Furthermore, the excitation energy E, at symmetry point L
changes to 7.50 eV. These excitation energies are marked in
Fig. 1(b).

It is worthy to note that the band structure of BAs partly
resembles with that of Si. Essentially in Si, the heteropolar gap
at the X-point is zero, subscribing to its covalent nature. In
contrast, BAs has a finite heteropolar gap (~2.82 eV) that is less
than the other I1I-V (3-4 eV range)'*> and II-VI (7-12 eV range)'**
compounds. This confirms the highly covalent nature of
bonding in BAs. The ionicty,"” on the basis of the scale

2
fi=091— o proposed by Phillips, turns out to be 0.20,
h

compared to 0.71 and 0.67 for ZnS'* and ZnSe,'* respectively.
Interestingly, Grunert et al. pointed out the close relation
between ionicity and the e-h interaction.*” This is elaborated
further in the forthcoming section.
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4.2. Optical properties

The results for the real and imaginary parts of the dielectric
function, refractive index and reflectivity from RPA, ALDA, LRC
and BS were explored. In case of LRC the results deduced taking
the o = 0.29 are consistent and follow a systematic trend.
Therefore, the results using o = 0.29 are presented. However,
the relative performance of other values of « on the optical
properties is discussed at length separately. In all figures, the
spectra with and without considering LFE are included. The
results with and without considering LFE are marked as LF and
NLF, respectively.

4.2.1. Dielectric functions.
a complex quantity. The real part (¢;) gives the polarization
induced by the field, and the imaginary part (e,) describes
absorption.

4.2.1.1. Imaginary part of the dielectric function. The ¢,
spectra obtained while considering RPA and the three kernels
with and without LFE are plotted in Fig. 2. The standard prac-
tice to link the optical absorption spectrum with band structure
requires identification of peaks, as described in Fig. 1. The
interband transitions are marked by vertical downward arrows
and labeled Eo, E;, E, and E, respectively. The absorption onset
(Eo) is seen at around 4.08 eV in RPA and all three XC kernels,
namely ALDA, LRC and BS. A shoulder-like structure is observed
around 5.61 eV in all the spectra from the three kernels.
However, in LRC, this structure is more visually appealing. One
observes that, on incorporating LFE, the line shape of the
spectra shifts downward in the energy region of 4 to 6 eV. The
intensity of peak E, decreases by 16.15%, 18.70%, 2.30% and
10% in the RPA, ALDA, LRC and BS spectra, respectively. A very
small blueshift in the energy position of peak E, is observed.
Energy positions obtained from RPA, ALDA, LRC and BS are
given in Table 2.

In order to see the influence of the e-h interaction, the ¢,
spectra in the selective energy region lying in the 3.5 to 4.5 eV
(the onset region) and 4.5 to 6.5 eV (the region around peak E;)
ranges, are enlarged in Fig. 3. Here, comparison of the results of
LRC and BS with those of the RPA and ALDA clearly reveals the
influence of e-h interactions or excitonic effects. The line
shapes of LRC and BS, in both regions, show a significant
upward shift in intensity and redshift in energy in comparison
to RPA. A similar trend is noted for the &, spectra without
considering LFE. As described by Azhikodan et al., such features
clearly signify the presence of excitonic effects.'* These results
are in good agreement with the experimental results obtained
by Song et al. using spectroscopic ellipsometry.** Previously,
Bushick et al. reported the ¢, spectra with excitonic effects using
the BSE method.”® Barboza et al. reported an exciton binding
energy of 133 meV for the I'-T" transition using the BSE method
and 23.66 meV using the hydrogen-like model. Such variation is
a manifestation of the large static dielectric constant of BAs and
overestimates the binding energy.*® In the LRC, this funda-
mental attribute is well captured by the a-parameter and hence
adequately describes the excitonic behaviour. The inclusion of
LFE further takes care of the interactions at work in projecting
the excitonic features. In indirect band gap materials, small

The dielectric function is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Imaginary part of the dielectric function (e;) from (a) RPA, (b) ALDA, (c) LRC, and (d) BS.

Table 2 Energy position (in eV) of the peaks in the &, spectra
considering LFE. Second column shows the direct energy gap at
symmetry points (SP) with RS

Peak label and SP LDA+RS RPA  ALDA LRC (@ =0.29) BS

Ey, T’ 4.12 ~4.08 ~4.08 ~4.08 ~4.08
E, L 5.55 ~5.61 ~5.61 ~5.61 ~5.61
E,, X 6.34 6.53 6.48 6.33 6.43
E; L 7.50 7.35 7.35 7.35 7.35

overlap of Bloch functions at the band extrema leads to the
feeble excitonic effects on the absorption spectra. Notably, our
calculations using LRC and BS kernels are in good agreement
with the findings of other workers.>*3%

4.2.1.2. Real part of the dielectric function. The real part of
dielectric function (¢;) derived from RPA, ALDA, LRC and BS are
presented in Fig. 4. The values of the high-frequency dielectric
constant (¢.) from RPA, ALDA, LRC and BS with and without
LFE are listed in Table 3. Buckeridge and Scanlon®® reported ¢,
= 9.881 using QSGW + BSE, whereas Acharya et al.*” reported
a value of 8.75. Our calculations using LRC and BS, considering
LFE, are in good agreement with these values.

© 2026 The Author(s). Published by the Royal Society of Chemistry

One can use ¢, to find ¢.,.'* The static dielectric constant (&)
is written as:'®

& =€ t & (15)

The ¢, is measured at frequencies well above the long-
wavelength longitudinal-optic (LO) mode frequency but below
the optical absorption edge. The second term on the right-hand
side of eqn (15) is the lattice contribution ¢, which arises
because the LO modes in heteropolar semiconductors produce
a macroscopic electric moment that separates them in energy
from the transverse optical (TO) modes. The frequencies of
these modes are related to the dielectric constants by the Lyd-
dane-Sachs-Teller relation:**”*%®

& _ wWLo 2

e (o)

With the use of ¢, values given in Table 3, and taking wio =

708.12 cm™ ! and wpo = 702.95 cm™' from ref. 28, & is
calculated.

Table 3 reveals that the inclusion of LFE causes a reduction

in €. Also, the similar values of the two dielectric constants, ¢,

and ¢, lead to some important observations. Firstly, it indicates
a small charge transfer between the B and As atoms. Secondly, it

(16)
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Fig. 4 Real part of the dielectric function (e;) from (a) RPA, (b) ALDA, (c) LRC, and (d) BS.

indicates that the scattering of electrons by polar optical
phonons is weaker than that in other III-V semiconductors,
which possibly leads to relatively high electron and hole
mobilities.?®'* Thirdly, the lattice contribution ¢ after incor-
porating LFE, obtained using eqn (15) is 0.12, 0.13, 0.14 and
0.13 for RPA, ALDA, LRC and BS, respectively. These low values
signify the high degree of covalency in the BAs.

15272 | RSC Adv,, 2026, 16, 15266-15282

Using the hydrogenic model, one can calculate the exciton
binding energy E, = 13.6 eV u*/e.,>.?* The LRC and BS kernels
deliver E, values of 38 and 44 meV, respectively. These are very
close to the GW-BSE data reported by Bushick et al. (i.e., 43
meV).>® Such magnitudes of E;, indicate that the excitons are
relatively stable in BAs and do not thermally dissociate at room
temperature. This exciton binding energy is larger than that of
GaAs (~6.44 meV), which is widely used in optoelectronics.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the ¢, and &5 of BAs

RPA ALDA LRC (¢ =0.9) BS  Other
¢. NLF 887 953  10.62 9.77  9.881 [ref. 30]
LF 814 852 9.55 8.87  8.75 [ref. 37]
& NLF  9.00 9.67  10.78 9.91
LF 826 8.65 9.69 9.00

This, together with the lower recombination rate reported in
thermoelectric properties, indicates that BAs is an excellent
choice for photovoltaic devices.®

4.2.2. Refractive index. In Fig. 5, the real part of the
refractive index (‘n’) evaluated from various XC kernels is
plotted. In the limit E — 0, the real part of the refractive index
(‘n’) gives a vital quantity:'*°

Mlpog ov = Ve (17)

The curves of Fig. 5 verify this relationship. The value of
1|z oev, considering LFE, is 2.85, 2.92, 3.09 and 2.98 for RPA,
ALDA, LRC and BS, respectively. Kang et al. measured the
optical refractive index by Fabry-Pérot interferometer and re-
ported the refractive index to be in the n = 3.29 to 3.04 range.**
Song et al. found n = 3.04 £ 0.02 using both spectroscopic

[ S S S
—e— RPA-NLF

6 (et
----- LRC(0.29)-NLF
---=-LRC(0.29}-LF ]

Energy (eV)

View Article Online

RSC Advances

ellipsometry and transmission and reflection spectroscopy.*
Mabhat et al. measured n = 3.02 £ 0.06 at 778 nm using Brewster
angle measurements.** Our results from LRC and BS are in good
agreement with all these results.

In the region 4 to 7 eV, the trends of the line shapes from RPA
and ALDA are similar. In the region of 4 to 6 eV, ‘n’ changes
linearly with energy, followed by a small dip in the RPA and
ALDA spectra. A clear maximum in the RPA-NLF(LF) and ALDA-
NLF(LF) can be seen at 6.38(6.38) and 6.33(6.38) eV, respectively.
For both RPA and ALDA, inclusion of LFE causes a decrease in
the intensity of this peak. In contrast, a broad structure in the
energy region of 4 to 5.5 eV, followed by a less intense peak
structure, is observed in the LRC and BS spectra. On including
LFE, this broad structure shifts downwards. Overall, in the 4 to
7 eV region, the visual appearance of the RPA and ALDA spectra
differs from those of BS and LRC. These differences are due to
excitonic effects captured by LRC and BS kernels. A similar type
of behavior is also noted in calculations with and without
excitonic effects, as reported by Song et al.** Beyond 7 eV, the
line shape shifts upwards slightly after including LFE for RPA
and all three XC kernels; however, the differences are very small.

Fig. 6 shows the imaginary part of the refractive index ‘k’. The
vertical arrows indicate the positions of several interband
transitions labeled according to direct gap energies at SP [see
Fig. 1(b)]; the energetic positions are given in Table 4. A
shoulder-like structure is observed in the RPA and all three XC

R ———
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——ALDA-LF ]
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Energy (eV)
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N
P

]
~
-
N
e
=
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Fig. 5 Real part 'n’ of the refractive index using (a) RPA, (b) ALDA, (c) LRC, and (d) BS.
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Fig. 6 Imaginary part 'k’ of the refractive index using (a) RPA, (b) ALDA,

Table 4 Energy position (in eV) of the peaks in the 'k’ spectra
considering LFE. Second column shows the direct energy gap at SP
with RS

Peak label and SP LDA+RS RPA  ALDA LRC (a = 0.29) BS

E,, T 4.12 ~4.08 ~4.08 ~4.08 ~4.08
E,, L 5.55 ~5.61 ~5.61 ~5.61 ~5.66
E,, X 6.34 6.63 6.58  6.43 6.53
E|,L 7.50 7.55 7.55  7.55 7.55

kernel spectra around peak E;. After considering LFE, the line
shape around this peak shifts downward in all approximations.
However, the line shapes of LRC and BS kernels shift upward
slightly with respect to those of RPA and ALDA. This may be
a signature of the continuum excitonic effect projected by the
LRC and BS kernels. Moreover, the inclusion of LFE causes
a negligible blueshift in the energy positions of peak E, for RPA
and all three XC kernels. However, the intensity of peak E,
reduces by 12.00%, 14.79%, 6.83% and 9.61% for RPA, ALDA,
LRC and BS, respectively. The shapes of the curves of ‘¢’ using
LRC and BS are in reasonable agreement with the results re-
ported by Song et al.*

4.2.3. Reflectivity. The reflectivity spectra obtained using
RPA and the three XC kernels are shown in Fig. 7; energy
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positions are given in Table 5. The vertical downward arrows
indicate the positions of several interband transitions marked
in Fig. 1(b). For the sake of discussion, the calculated reflectivity
spectra are divided into three regions.

The first region (0-8 eV) marks interband transitions, and the
second region (8-12 eV) shows a plateau-like trend. It is noted that
the peaks labeled E, and E; in all the calculated spectra appear as
a shoulder around 4.13 and 5.56 eV, respectively. On considering
LFE, all the calculated spectra show downward shifts, and the
most intense peak E, shows a very small blueshift of 0.05 eV for
RPA, ALDA and BS. As shown in the inset of Fig. 7, beyond 12 eV,
a gradual decrease in reflectivity spectra is observed. This may be
related to transmission onset because, as prescribed by Mend-
lowitz, when ¢, is negative, the material is reflecting, and when ¢,
is positive, the material is transmitting.""* This decrease in
reflectivity is also related to the plasmon peak in the EELS spectra
as discussed in the next section.'*?

4.3. Electron energy loss spectra

The function representing characteristic energy losses or plasmon
oscillations is one of the most important among those suitable for
the description of microscopic and macroscopic properties of
a solid. The EELS obtained using the four models are presented in
Fig. 8. To analyze the effect of the local field on EELS, we also
plotted the results obtained without considering LFE.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Reflectivity spectra using (a) RPA, (b) ALDA, (c) LRC, and (d) BS. Insets show enlarged view of the spectra in the 12—-28 eV range.

Table 5 Energy position (in eV) of the peaks in the R spectra consid-
ering LFE. Second column shows the direct energy gap at SP with RS

Peak label and SP LDA+RS RPA  ALDA LRC (@ =0.29) BS

Ey, T’ 4.12 ~4.13 ~4.13 ~4.13 ~4.13
E, L 5.55 ~5.56 ~5.56 ~5.56 ~5.61
E,, X 6.34 6.68 6.63 6.53 6.58
E; L 7.50 7.76 7.76 7.76 7.76

By comparing the EELS with the optical spectra, particularly
& and &,, the type of excitation responsible for the various peaks
can be determined. In general, such peaks can be associated
with interband transitions or plasmon excitation. If ¢, is large at
an energy of loss spectra. This feature is attributed to single
particle interband excitation. In addition, features located at
energy losses where ¢, passes through zero (going from negative
to positive) signify collective excitations
plasmons.'*™* For the sake of discussion, we divide EELS into
three regions. The first region (0-21 eV) includes peaks A, B and
C, the second region (21-24 eV) includes peaks D, E and F, and
the third region includes peak G. The energy positions of all
these peaks are given in Table 6.

Visually, the EEL spectra obtained using all the approxima-
tions are similar. The reason may be the reduced relevance of

known as

© 2026 The Author(s). Published by the Royal Society of Chemistry

the 1/|q|> dependence for EELS. However, this feature, which is
well captured by LRC and BS kernels, is more important for the
absorption spectra to capture the e-h interaction.'® Moreover,
the spectra from LRC and BS kernels contain excitonic effects,
but, since they are screened, they are less visible than in the
absorption spectrum. Instead, the EEL spectrum is dominated
by plasmons.

First, we focus on the effect of the local field on EELS. Peaks
in EELS with LFE are indicated by vertical downward arrows. In
the first region, after incorporating LFE, it is observed that the
intensities of the peaks A and B are almost the same. Peak C
becomes a visually clear peak. In the second region, without
considering LFE, it is noted that D is a shoulder, E is the peak
with maximum intensity, and F is a less intense peak. On
including LFE, the shoulder-like structure D emerges clearly.
Furthermore, the intensities of peaks E and F become almost
equal in all the approximations. In the third region, we observe
that the intensity of peak G increases slightly on incorporating
LFE.

Second, we discuss the origin of various peaks in EELS. In
the first region, the energy positions of peaks A, B, and C ob-
tained from RPA, ALDA, LRC and BS are almost the same.
Hence, it is appropriate to refer to the average value of these
energy positions. We noted a much less intense peak in EELS-
NLF(LF) around 5.82(5.87) eV (peak A) in all our calculations.

RSC Adv, 2026, 16, 15266-15282 | 15275
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Fig. 8 EELS using (a) RPA, (b) ALDA, (c) LRC, and (d) BS. Insets show enlarged view of the spectra in the 21-25 eV range.

From the ¢, spectra discussed in the earlier section, it can be
interpreted that this peak is due to interband transitions. Peak
B appears around 11.99 eV in the EELS from all the approxi-
mations. This peak may originate from an electronic transition
from the second band below the Fermi level to the third band
above the Fermi level. Furthermore, peak C, located around
20.51 eV in EELS, may originate from the transition from the
fourth valence band below the Fermi level to the fourth
conduction band above the Fermi level.

Generally, the most prominent peak in the EELS is identified
as the plasmon peak, which corresponds to the excitation of
longitudinal oscillations."” Plasma resonances have a simple
relationship to the dispersive part of the dielectric function. A

vanishing ¢, (or crossing the ¢; = 0 axis with a positive slope) is
a necessary condition for the occurrence of plasma oscillations,
but it is not sufficient. In addition, the amplitude of the &,
spectra should also be small."*® Such a situation can be exam-
ined by the curves plotted in Fig. 9.

In the 5 to 8 eV region of the & curve, we observe that &
crosses the zero axis (i.e. &, = 0) from positive to negative at
values of around 6.48(6.58), 6.43(6.53), 6.12(6.28) and
6.33(6.38) eV for RPA-NLF(LF), ALDA-NLF(LF), LRC-NLF(LF) and
BS-NLF(LF), respectively. Interestingly, in the region of 5 to 8§ eV
in the ¢, curve, the ¢, amplitude is quite high, and it is domi-
nated by interband transitions. Therefore, the EELS do not

Table 6 Energy position (in eV) of peaks in EELS with and without LFE. Peaks C and D in EELS-NLF are shoulder-like structures

Without LFE (NLF)

With LFE (LF)

Peak label RPA ALDA LRC BS RPA ALDA LRC BS

A 5.82 5.82 5.82 5.82 5.87 5.87 5.87 5.87
B 11.99 11.94 11.99 11.99 11.99 11.99 11.99 11.99
C ~20.51 ~20.36 ~20.51 ~20.41 20.51 20.51 20.51 20.51
D ~22.60 ~22.60 ~22.60 ~22.60 22.65 22.65 22.60 22.65
E 23.11 22.96 22.96 23.01 23.21 23.21 23.16 23.16
F 23.88 ~23.78 23.83 23.83 24.49 24.29 24.39 24.39
G 25.97 25.92 25.97 25.97 26.02 25.97 26.02 26.02
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satisfy the condition for the occurrence of the plasmon peak;
hence, no plasmon peak occurs in this region.

In the 21 to 24 eV region, we observed that ¢; crosses the zero
axis from negative to positive value around 22.96(22.60),
22.86(22.91), 22.81(22.50) and 22.91(22.60) eV for RPA-NLF(LF),
ALDA-NLF(LF), LRC-NLF(LF) and BS-NLF(LF), respectively. At
such high energies, the amplitudes of the ¢, values are quite
low. As discussed earlier, we found a clear maximum intensity
peak in EELS without considering LFE at 23.11, 22.96, 22.96 and
23.01 for RPA, ALDA, LRC and BS, respectively. Instead, after
incorporating LFE, a clear two-peak structure at energies
between 23 and 25 eV and separated by ~1.2 eV is noted for all
the approximations. However, after including LFE, peak E in the
EELS-LFE, observed at 23.21, 23.21, 23.16 and 23.16 for RPA,
ALDA, LRC and BS, respectively, better correlates with the zero
crossing in ¢4, reasonably satisfying the necessary and sufficient
conditions for the occurrence of plasma oscillation in this
region. It is worth noting that the F peak does not satisfy the
criterion of plasmon effects, as per the description by Dash
et al.,”® which may originate from collective excitations. Due to
the lack of experimental results for EELS of the BAs, discussions
on the plasmon peak are ongoing and are a subject of further
investigation. However, it may be noted that the range lie

0.4

£€1,€2

-0.1

02 jeoss

03F —e— RPA-NLF
—0— RPA-LF
-0.4 : :
21 22 23 24

Energy (eV)

03F === LRC(0.29)-NLF ]
-+-=-LRC(0.29)-LF
-04 L L
Energy (eV)

View Article Online

RSC Advances

~3.30-3.93 eV for AE,,, in the E peak, is nearly of the order of
3.20 eV observed for corresponding peak in Si.**?

For more clarity, the calculated values of ¢; and ¢, in the
vicinity of the prominent peak in EELS are highlighted in Fig. 9.
The figure reveals the effect of the local field on the zero
crossing of the & curve, and it can be noted that the zero
crossing of ¢; shows a redshift for RPA, LRC and BS, whereas
a blueshift is seen for ALDA.

4.4. Effect of parameter o on the optical properties and
electron energy loss spectra

As discussed in the earlier section, three values of «, viz. 0.29,
0.41, and 0.71, are considered. These are determined by the
formula proposed by Botti et al.,”” linear interpolation of
a values obtained using symmetric and antisymmetric FFs of
AlAs, GaAs, InAs, and lastly using symmetric and antisymmetric
FFs of BAs, as reported by Da Ng and Danner,' respectively.
The objective of this section is to justify the reason for selecting
the value 0.29 among the three alternatives. The optical and EEL
spectra shown by a = 0.29 (ionicity = 0.20) and 0.41 are similar,
while the spectra with « = 0.71 (ionicity = 0.24), show some
deviations. A close look at the FF reveals that Da Ng and Danner
used local pseudopotential FFs.'® In covalent compounds, one
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Fig. 9 Real (¢7) and imaginary (e,) parts of the dielectric function in the plasmon energy region using (a) RPA, (b) ALDA, (c) LRC, and (d) BS.
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Fig. 10 Optical and EEL spectra of BAs using LRC-LF with three different choices of «. Insets in (e) and (f) show enlarged views of the spectra.

Table 7 Energy position (in eV) of the peaks in the ¢, of BAs computed
using LRC-LF with three different values of «

Peak labels ~ LRC (@ = 0.29)  LRC (¢ = 0.41)  LRC (a = 0.71)

E, ~4.08 ~4.08 ~3.98
E, ~5.61 5.51 4.39
E, 6.33 6.28 ~6.12
E'1 7.35 7.35 7.35

needs to consider the I-dependent pseudopotential FFs. Thus,
inadequate treatment of the non-local effects leads to less
effective treatment of the bonding nature. This may be the

15278 | RSC Adv, 2026, 16, 15266-15282

reason for the modest results with & = 0.71. Indeed, however,
the LRC is highly sensitive to the choice of a. All parts of Fig. 10
exhibit the effect of parameter « on various optical properties.

Table 8 Energy position (in eV) of the peaks in the 'k’ of BAs computed
using LRC-LF with three different values of «

Peak labels ~ LRC (@ =0.29)  LRC (¢ =0.41)  LRC (a = 0.71)

E, ~4.08 ~4.08 ~3.98
E, ~5.61 5.56 5.00
E, 6.43 6.38 6.28
E, 7.55 7.55 7.50

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Energy position (in eV) of the peaks in the R of BAs computed
using LRC-LF with three different values of «

Peak labels LRC (a = 0.29) LRC (a = 0.41) LRC (a = 0.71)
E, ~4.13 ~4.13 ~4.18
E, ~5.56 ~5.51 5.51
E, 6.53 6.53 6.48
E; 7.76 7.76 7.60
14 T T T T 4.0
®-¢ -LRC (LF)
13 £ ~¥- n(E - 0 ¢V) - LRC (LF) C] 1ss
12+ ¥ ~
136 2
11+ e
§ ) 134 !
10+ E:’
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Fig. 11 Variations in ¢, and 'n" with parameter « for LRC-LF.

Fig. 10(b) and (d) reveal that with the increase in «, the intensity
of the shoulder E; increases and is converted into a well-
observed peak at o = 0.71. In the spectra with a = 0.71,
a significant redshift in the energy of peak E; is noted compared
to that with « = 0.29. Furthermore, one can observe that the
impact of a higher value of « is more apparent on peak E; than
on peaks E, and E,. This points out sensitivity of excitonic
feature on a. One observes from Fig. 10(a) and (c) that the values
of ¢, and ‘n’ in low energy limit increase with the increase in .
Fig. 10(d) and (e), further reveal that with increasing values of «,
the line shape of ‘¢’ and R differ by ~6 eV and do not change
after ~9 eV. Fig. 10(f) shows EELS for different values of «. It is
visually clear that the shapes of the EELS are almost the same
with increasing values of a. However, as shown in the inset of
Fig. 10(f), there is a feeble decrease in the intensity of peak F
with increasing «. Tables 7-9 summarize the peak positions in
&, ‘k’, and R.

The variation of ¢, and ‘n’ in the low-energy limit with
parameter « are plotted in Fig. 11. One notices a similar trend
with and without considering LFE. This reveals that the agree-
ment between LRC and the experimental curve worsens with an
increasing value of .

5. Conclusions

Ground state calculations of BAs were performed by applying
the FP-LAPW method. The calculation simulates the ground
state, giving structural parameters well in accordance with the
experimental results. The material is found to be a semi-
conductor with an indirect band gap of 1.11 eV and a direct
band gap of 3.30 eV. The SC of 0.82 eV is applied in all linear

© 2026 The Author(s). Published by the Royal Society of Chemistry
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response calculations to explore the optical and EEL spectra.
The calculated spectra of ¢;, &, n and k from LRC and BS
considering LFE are in good agreement with the earlier exper-
imental studies. The comparison reveals the importance of the
inclusion of e-h interaction and LFE in the calculations. The
LRC calculations of optical spectra confirm the inadequacy of
earlier calculations in dealing with dielectric screening, which
is more appropriately captured by the LRC. A clear impact of
LFE on the optical spectra is noted; however, the impact is not
as intense as observed in other II-VI and III-V compound
semiconductors. This observation is in line with the fact that
LFE increases with increasing ionicity, whereas BAs is covalent.

The EELS obtained using all the approximations show
similar trends. Of the three values of «, viz. 0.29, 0.41 and 0.71,
used in the current LRC calculations, the value o« = 0.29, ob-
tained using the scheme of Botti et al.,”* shows good agreement
of the optical properties with the results from the BS kernel. The
spectra using « = 0.41 are also in good agreement with the BS
kernel. The hydrogenic model gave the binding energies of
excitons Ep, = 38 and 44 meV, in good agreement with the GW-
BSE data (43 meV). The deviations shown by the spectra with
a = 0.71 are due to the less effective FFs reported by Da Ng and
Danner'® because these are devoid of [-dependent effects.
Therefore, in summary, the scheme proposed by us to find the
« parameter using symmetric and antisymmetric FFs also works
well for BAs. The current results show that the inclusion of the
e-h interaction and LFE plays a significant role in ascertaining
the optical properties of BAs, which may lead to potential
applications in optoelectronics.

The fact that the semiconductors are the next generation
materials essentially for micro and optoelectronics devices. BAs
can withstand a high range of temperatures. The theoretical
results obtained in this work can be useful for optoelectronic and
photovoltaic applications of BAs. To unleash the full potential of
the technological applications of semiconductors, LRC can be
applied by finding « using the scheme proposed in this work.
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