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 A B S T R A C T

A bandgap of cubic boron arsenide (cBAs) is systematically calculated using various approaches in density 
functional theory (DFT). We explore how basis set, atomic potential, exchange–correlation functional, and 
spin–orbit coupling influence the bandgap calculations when using Synopsis QuantumATK (QATK), Quantum 
ESPRESSO, and VASP codes. Our measurements of indirect and direct bandgaps serve as reference values. 
We found that using a linear combination of atomic orbitals (LCAO) with an ultra basis set, Pseudo-Dojo 
norm-conserving pseudopotentials, the HSE06 hybrid exchange–correlation functional, and non-collinear spin–
orbit coupling (NSOC) in QATK DFT calculations yields indirect and direct bandgaps of 2.03 eV and 3.99 eV, 
which are very close to our measurements of 2.01 eV and 4.24 eV, and recent experimental results of 2.02 eV
and 4.12 eV, respectively. NSOC is critical for accurate bandstructure calculations in relatively wide bandgap 
materials, and the HSE06 functional and optimised PseudoDojo pseudopotentials play a similar role. Using the 
more common generalised gradient approximation (GGA) exchange–correlation functional PBE underestimates 
the indirect and direct bandgaps, with values ranging from 1.13 eV to 1.36 eV and from 3.04 eV to 3.37 eV, 
respectively, depending on the type of basis set, potential, and spin–orbit coupling used.
1. Introduction

Cubic boron arsenide (cBAs) has recently emerged as a semicon-
ductor material with the potential to overcome the limitations of other 
semiconductor materials [1,2] when implemented in critical compo-
nents in semiconductor technology. These limitations often include: 
(i) a large difference between electron and hole mobility as in Si, 
Ge, or GaAs, making the operation of CMOS logic [3,4] or power 
inverters and converters cumbersome [5], (ii) a small bandgap but a 
very high electron mobility as in InP or InSb [6] resulting in early 
impact ionisation [7,8], or (iii) a small thermal conductivity, such as in 
GaN [9] or 𝛽-Ga2O3 [10], leading to substantial challenges in removing 
dissipated heat during device operations. On the contrary, cBAs exhibits 
comparable electron (1400 cm2 V−1 s−1) and hole mobility (2100 cm2
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V−1 s−1) [11], offers a relatively large bandgap [12], and has a very 
high thermal conductivity (1300 W m−1 K−1), which is only surpassed 
by diamond. These exceptional material properties position cBAs as an 
ideal semiconductor, perfectly suited for CMOS logic, power handling, 
switching power device, and for a wide range of acoustic and sensing 
applications.

Accurate knowledge of a semiconductor material bandgap is vital 
for the design of semiconductor devices. The bandgap of a semi-
conductor affects in various device figures of merit such as device 
breakdown, on-resistance, carrier mobility, saturation velocity, gate 
leakage, band-to-band tunnelling, Schottky–Read–Hall recombination, 
optical efficiency, light sensitivity, among others. Therefore, the ac-
curate calculation and experimental determination of the bandgap of 
cBAs is crucial for the further development of cBAs-based devices and 
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architectures. Unintentional energy states within the bandgap, created 
during fabrication, can distort the bandgap making it smaller. While 
various techniques can measure the material bandgap, first-principle 
calculations like Density Functional Theory (DFT) offer a powerful ap-
proach to determine the bandgap and bandstructure of cBAs. However, 
the DFT literature does not even agree on the bandgap for cBAs, ranging 
from 0.98 eV [13] to 2.05 eV [14].

In this work, we carry out systematic DFT calculations, studying 
various basis sets, exchange–correlation functionals, and spin–orbit 
coupling (SOC) approximations using three DFT codes: Synopsis Quan-
tumATK (QATK) [15], Quantum ESPRESSO (QESP) [16], and Vienna 
Ab-initio Simulation Package (VASP) [17,18]. Since DFT is based on 
the principle that the electronic bandstructure of a material can be 
calculated by approximating the many-body electron system through 
its electron density within a one-electron framework, the remaining 
many-body effects must be incorporated into an exchange–correlation 
functional [19]. Consequently, the form of the exchange–correlation 
functional often plays a crucial role in the accuracy of the DFT cal-
culations [20]. The accurate band structure requires knowledge of the 
quasiparticle spectrum and electronic excitations [19] derived from 
the exact exchange–correlation functional [20,21] or many-body per-
turbation theory [22], which are extremely demanding to compute 
accurately. This usually necessitates a trade-off between accuracy and 
affordable computational complexity. Therefore, computationally effi-
cient DFT methods that offer accurate total energies and bandgaps are 
of great interest for the simulations of phenomena such as defect forma-
tion energies. Local approximations to the exact exchange–correlation 
functional such as the Local Density Approximation (LDA) or the Gen-
eralised Gradient Approximation (GGA) have been established as time-
tested workhorses for the efficient simulation of structural and vi-
brational properties of semiconductors. However, these local approx-
imations are smooth functions of the electron density and lack the 
derivative discontinuities present in the exact functional [20], which 
often leads to a systematic underestimation of material bandgaps [23]. 
Derivative discontinuities can be incorporated into DFT frameworks 
either empirically or enforcing known constraints. For example, certain 
meta-GGA functionals partially achieve this by including the kinetic 
energy density [24]. A popular alternative approach is offered by 
hybrid functionals [25,26]. Since Hartree–Fock exchange represents 
the exact exchange for one-electron systems, it displays the desired 
derivative discontinuity, which is inherited by hybrid functionals con-
taining a fraction of Hartree–Fock exchange [27]. While being a typical 
method of choice for DFT-based simulations of electronic properties, 
the increased computational complexity has to be balanced against 
gains in accuracy for applications on larger systems.

Therefore, our objective is to determine the best DFT methodol-
ogy to calculate indirect and direct bandgap energies. The calculated 
bandgap is compared against our indirect and direct bandgap mea-
surements of 2.01 eV and 4.24 eV, respectively, as well as the recent 
experimental values of 2.02 eV and 4.12 eV [28], which all serve as a ref-
erence. We find that the most accurate calculated bandgap is obtained 
by using the linear combination of atomic orbitals (LCAO) with an ultra 
basis set, a lattice constant of 4.777 Å, a 𝐤-point grid of 10 × 10 × 10, 
the hybrid Heyd–Scuseria–Ernzerhof functional HSE06 [29], optimised 
norm-conserving Pseudo-Dojo pseudopotentials for both boron and 
arsenic, and a wave function cut-off energy of 1088 eV. This calculation 
approach yield indirect and direct bandgaps of 2.03 eV and 3.99 eV, 
which perfectly match our and reported experimental data [28] ob-
tained from the ultraviolet–visible-near infrared (UV–Vis-NIR) spec-
troscopy [30].

2. Density functional theory approximations

DFT calculations are performed using the Synopsis QATK DFT soft-
ware, as well as two open source DFT codes, QESP and VASP. A 
supercell of cBAs is illustrated in Fig.  1. The QATK calculations utilise 
2 
Fig. 1.  Supercell of the face-centred cBAs.

Fig. 2.  Bandstructure of cBAs obtained from QATK, calculated using the 
LCAO with a medium basis set, the Pseudo-Dojo pseudopotential, the GGA.PBA 
functional, and non-collinear SOC (NSOC).

Fig. 3.  Bandstructure of cBAs obtained from QATK using the PW with a 
medium basis set, the Pseudo-Dojo pseudopotential, the GGA.PBA functional, 
and non-collinear SOC (NSOC).
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Table 1
Indirect and direct bandgaps of cBAs obtained from QATK and QESP comparing the listed DFT calculation approaches. The spin–orbit coupling (SOC) is 
always non-collinear. LCAO (m) and (u) refer to medium and ultra basis sets of the linear combination of atomic orbitals, Pseudo-Dojo stands for optimised 
norm-conserving pseudopotentials, and PAW for the projector augmented-wave method. PBE stands for the Perdew–Burke–Ernzerhof functional, HSE for the 
Heyd–Scuseria–Ernzerhof functional, mGGA for the TASK meta-generalised gradient approximation (meta-GGA), which also includes kinetic energy density, 
and GGA for the generalised gradient approximation. PBE+GW refers to the Perdew–Burke–Ernzerhof (PBE) exchange–correlation functional with self-energy 
corrections obtained from a Green function (G) and screened Coulomb interaction (W) approach (GW).
 DFT code Basis set Potential Functional Exchange-Correlation potential Indirect

bandgap [eV]
Direct
bandgap [eV]

 

 

QATK

LCAO (m)

Pseudo-Dojo

PBE GGA 1.29 3.16  
  
 LCAO (m) HSE06 Hybrid 2.16 4.05  
  
 LCAO (u) HSE06 Hybrid 2.03 3.99  
 

QATK Plane Wave
Pseudo-Dojo

PBE GGA 1.13 3.08  
  
 HSE06 Hybrid 1.97 3.97  
  
 PAW PBE GGA 1.13 3.04  
 
QESP Plane Wave Pseudo-Dojo

mGGA GGA 1.81 3.43  
  
 PBE+GW GGA 2.11 4.14  
a model with a unit cell of 2 atoms, a space group of F-43 m, a lattice 
constant of 4.777 Å, and a 𝐤-point grid of 10 × 10 × 10. Within the 
QATK DFT software, we are exploring various basis sets: the linear 
combination of atomic orbitals (LCAO) with medium and ultra basis 
sets, and plane waves (PW); as well as two types of potential meth-
ods: norm-conserving Pseudo-Dojo pseudopotentials for both boron 
and arsenic, and the projector augmented-wave (PAW) method. The 
optimised Pseudo-Dojo pseudopotentials achieve a balance between 
computational efficiency and accuracy in the calculations, while PAW is 
a generalisation of pseudopotential and linear augmented-plane-wave 
methods, transforming rapidly oscillating wavefunctions near ion cores 
into smooth wavefunctions [31]. The DFT calculations with the PW 
basis set use a cut-off energy of 1088 eV (40 Ha), while the calculations 
with the LCAO basis set use a cut-off energy of 2857 eV (105 Ha), 
and the calculation with the PAW method uses a cut-off energy of 
544 eV (20 Ha). More detailed results demonstrating the convergence 
of total energy in our DFT QATK calculations are presented in the 
Supplementary Material.

The QESP and VASP DFT calculations utilise the same lattice con-
stant and the same 𝐤-point grid of 10 × 10 × 10, but employ a 
cut-off energy of 1633 eV (60 Ha, 120Ry) in QESP and 1000 eV (36.7 
Ha, 73.5Ry) in VASP. The atomic positions and lattice vectors of the 
primitive cell of the calculated structures in all DFT codes: QATK, QESP, 
and VASP, are relaxed at the level of the Perdew–Burke–Ernzerhof 
(PBE) functional [32] via the quasi-Newton algorithm (the Broyden–
Fletcher–Goldfarb–Shanno algorithm in QESP) with a maximal inter-
atomic force criterion of 10−5 eV/Å and a threshold of 0.01GPa for 
the cell stress. In addition to the PBE and HSE06 simulations, we 
computed the electronic structure of cBAs using the recently devel-
oped TASK exchange functional [33], which we combined with the 
PW92 correlation functional. We also used the YAMBO code [34] to 
compute corrections to the PBE-level QESP bandstructures using G0W0
quasiparticle energies, which provide a theoretical reference for the 
intrinsic electronic structure of cBAs. A transferred momentum grid 
of 8 × 8 × 8 𝐪-points, 700 unoccupied bands, and a cut-off for the 
response function of 400 eV were employed in this step. We further 
modelled the frequency-dependence of the dielectric screening using 
the recently proposed [35] multipole approximation, where we found 
that the inclusion of 8 poles yields a good agreement with explicit 
full-frequency simulations using the contour deformation technique. To 
reduce effects from the atomic geometry, we used the experimental 
lattice constants for the calculation of the GW corrections. The GW 
corrections were then Wannier interpolated to the band path of interest 
and added to the PBE bandstructure. Based on our convergence tests 
[cf. Fig. S20 in the supplemental material], we expect our reported GW 
bandgaps to be converged to within 10meV.
3 
(a) 

(b) 

Fig. 4. (a) Bandstructure and (b) projected density of states of cBAs obtained 
using QATK calculations based on the LCAO, an ultra basis set, Pseudo-Dojo 
pseudopotentials, the hybrid HSE06 functional, and non-collinear SOC (NSOC).
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(a) 

(b) 

Fig. 5. (a) Bandstructure and (b) projected density of states (DoS) of cBAs, 
calculated using QATK with the LCAO, a medium basis set, Pseudo-Dojo 
pseudopotentials, the hybrid HSE06 functional, and non-collinear SOC (NSOC).

2.1. Application of density functional theory

We investigate two exchange–correlation DFT functionals, the cru-
cial elements for bandstructure calculations within the DFT: the Perdew-
Burke-Ernzerhof functional (GGA.PBE) [32], based on the generalised 
gradient approximation (GGA), and the hybrid Heyd–Scuseria–Ernzerho
2006 (HSE06) [36] functional. The hybrid HSE06 functional includes 
25% of Hartree–Fock exchange and 75% exchange from the PBE func-
tional [32]. We assume non-collinear spin–orbit coupling (SOC), which 
is found to play an essential role in this relatively wide-bandgap 
semiconductor. Non-collinear spin polarisation means that electrons 
cannot just have spin up and spin down, but they can also have spin in 
any direction. This is particularly beneficial in non-magnetic materials 
such as cBAs, because spin polarisations can form orthogonal configu-
rations. Additionally, by using non-collinear spin polarisation, we can 
correct for SOC, where some bands may split and slightly increase 
or decrease the bandgap energy. The Supplementary Material also 
contains the cBAs bandstructures obtained from the DFT calculations 
with unpolarised SOC for comparison.
4 
Fig. 6.  Bandstructure of cBAs obtained from QATK using the PW basis set, the 
Pseudo-Dojo pseudopotential, the hybrid HSE06 functional, and non-collinear 
SOC (NSOC).

Table  1 collects the indirect and direct bandgaps for cBAs obtained 
from the bandstructures calculated using the optimised atomic struc-
tures as previously described. The accuracy of the bandgap energy, 
evaluated against the experimental data, is critically influenced by the 
approximation of the exchange–correlation energy. Specifically, when 
the exchange–correlation energy is approximated with the generalised 
gradient approximation (GGA) by using the PBE functional, the indirect 
and direct bandgaps of cBAs are systematically underestimated when 
compared against the experimental results in the range of 2.02 eV and 
2.01 eV for the indirect bandgap, and of 4.12 eV and 4.24 eV for the 
direct bandgap. Fig.  2 shows that the LCAO basis set used with the 
GGA.PBE functional will give an underestimated indirect bandgap of 
1.29 eV and an similarly underestimated direct bandgap of 3.16 eV. 
When the PW basis is selected with the GGA.PBE functional, the 
indirect bandgap of 1.12 eV and the direct bandgap of 3.08 eV are even 
more underestimated, as seen in Fig.  3. This bandgap underestimation 
remains largely unaffected by the replacement from non-collinear to 
unpolarised SOC, as is illustrated in Table S1 (Supplementary Material), 
and is a well-known property of LDA- and GGA-type functionals due to 
an absence of a derivative discontinuity in the exchange–correlation 
potential.

When the GGA.PBE functional is replaced by the hybrid HSE06 
functional [36] as shown by bandstructures in Figs.  4(a), 5(a), and 6, 
the calculated indirect bandgap (𝐸𝑖𝑛𝑑𝑖𝑟

𝐺 ) gets closer to its experimental 
value in the range of 1.97 eV and 2.16 eV, and the calculated direct 
bandgap (𝐸𝑑𝑖𝑟

𝐺 ) to its experimental value in the range of 3.95 eV and 
4.24 eV, obtained from the UV–Vis-NIR spectroscopy.

This remarkable improvement in the bandgaps calculations results 
from a more accurate approximation of the exchange–correlation self-
energy. Hybrid functionals operate on the principle that the bandgap 
is primarily influenced by the screened exchange component of the 
potential [37]. The exchange–correlation potential is thus approxi-
mated by a spatially non-local operator, constructed from a functional 
that combines GGA with a fraction of exact Hartree–Fock exchange. 
Specifically, the HSE family of hybrid functionals employs one quarter 
of the Fock exchange operator, screened at long range to account for 
dielectric screening effects [20]. In general, our HSE06 bandgaps are 
quite close to the G0W0 results (𝐸𝑖𝑛𝑑𝑖𝑟

𝐺 = 2.11 eV, 𝐸𝑑𝑖𝑟
𝐺 = 4.14 eV) pre-

sented in Fig.  7, highlighting the similar accuracy of hybrid functionals 
at a comparatively smaller computational cost. We note that the slight 
underestimation of the HSE06 bandgaps compared to G0W0 aligns well 
with the trend for other gapped materials [38].
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Fig. 7.  Bandstructure of cBAs obtained from QESP (QE) calculated using 
a plane wave (PW) basis set, the Perdew–Burke–Ernzerhof (PBE) exchange–
correlation functional with self-energy corrections obtained from a Green 
function (G) and screened Coulomb interaction (W) approach (GW), and 
without included SOC effects.

Fig. 8.  Bandstructure of cBAs obtained from QESP (QE) calculated using 
the plane wave basis set, Pseudo-Dojo pseudopotentials, the TASK meta-GGA 
functional (mGGA), and non-collinear SOC.

We find that the best agreement with experiment is obtained when 
using the LCAO with an ultra basis set, together with the optimised, 
norm-conserving Pseudo-Dojo pseudopotentials, the hybrid HSE06 func-
tional, and non-collinear spin. This DFT calculation approach gives an 
indirect bandgap of 2.03 eV and a direct bandgap of 3.99 eV, as illus-
trated in Fig.  4(a), which is consistent with other literature [12,14,39] 
and very close to our measured experimental values shown in Figs.  9
and 10, as well as to recent experimental data [28] collected in Table 
2. Fig.  4(b) shows the projected density of states (DoS), illustrating 
the total energy and the individual orbital contributions from the two 
atoms, boron and arsenic. The major orbital contributions are from 𝑝-
type orbitals (𝑙 = 1) of both boron and arsenide, as the valence band 
primarily originates from bonding between the valence orbitals of B 
and As in the zinc-blende structure of cBAs.

When the LCAO with an ultra basis set are replaced with the 
LCAO with a medium basis set in effort to reduce calculation time, 
the indirect bandgap increases to 2.16 eV and the direct bandgap to 
4.05 eV as illustrated in Fig.  5(a). The ultra basis set thus does provide 
greater accuracy, even with a moderate increase in computational cost, 
5 
especially when compared with the PBE+GW approach. Fig.  5(b) shows 
the projected density of states (DoS) obtained from this DFT approach, 
which illustrates the system total energy and the individual orbital 
contributions from the constituent atoms, boron and arsenic.

When the LCAO basis sets are replaced with the PW set, the indirect 
bandgap decreases to 1.97 eV and the direct bandgap to 3.97 eV, 
as shown in the bandstructure in Fig.  6. Finally, Fig.  8 presents the 
cBAs bandstructure obtained from the recently developed TASK [33] 
meta-Generalised Gradient Approximation (meta-GGA) functional with 
the PW basis set, as recommended for meta-GGA Pseudo-Dojo pseu-
dopotentials, and non-collinear SOC. Meta-GGA exchange–correlation 
functionals go beyond standard GGA by computing the kinetic energy 
density during the self-consistent field iterations, thus adding orbital 
level contributions. In the TASK functional, this increased flexibility 
was used to introduce exchange nonlocality and a derivative discon-
tinuity into a meta-GGA form, yielding strongly improved bandgaps at 
essentially the computational cost of semi-local GGA functionals. We 
find that TASK indeed predicts larger direct and indirect bandgaps for 
cBAs compared to our GGA simulations, but falls short of the accuracy 
of HSE06.

The SOC change from the more physically realistic, non-collinear 
SOC to a less realistic, unpolarised SOC, consistently increases the 
indirect bandgap from 2.16 eV to 2.24 eV when using the hybrid HSE06 
functional with the LCAO medium basis set. Similarly, when using the 
hybrid HSE06 functional with the PW basis set, the indirect bandgap 
increases from 1.97 eV to 2.05 eV and the direct bandgap from 3.97 eV
to 4.2 eV, as is presented in Table S1 (Supplementary Material). This 
increase of the bandgaps towards energies closer to the experimental 
data confirms that the use of the hybrid HSE06 functional is an essential 
choice to achieve more realistic bandstructure calculations. This is fur-
ther confirmed when norm-conserving Pseudo-Dojo pseudopotentials 
are replaced by the physically more accurate PAW method. The indirect 
and direct bandgaps remain practically unchanged, with an indirect 
bandgap of 1.13 eV and a slightly decreased direct bandgap of 3.04 eV.

3. Experimental bandgap from infrared spectroscopy

Fabrication of large, high-quality single crystals of cBAs is known 
to be very challenging, as precise control of the nucleation process is 
critical to grow large, high-quality crystals. This is because tiny defects 
in the quartz tube used for growth can cause spontaneous nucleation. 
These random nucleation sites lead to irregular morphology and micro-
cracks in the final crystals [45]. Progress was made in 2018 utilising 
a seeded Chemical Vapour Transport (CVT) technique. Small cBAs 
crystals a few microns long where used to ensure the nucleation centres 
were under control [46]. This process allowed the growth of millimetre 
sized crystals.

The bandgap measurements of cBAs are carried out by UV–Vis-NIR 
spectroscopy [30]. Our UV–Vis-NIR spectroscopy measurements use a 
pinhole spectrophotometer with a 500 μm opening and a crossover 
wavelength of 900 nm. The absorption is measured without the sample 
in place to obtain a baseline absorption level. This baseline is then 
subtracted from the absorption with the sample in place in order to 
more accurately determine the indirect and direct bandgaps, as shown 
in Figs.  9 and 10, respectively. However, the extraction of the indirect 
bandgap is not straightforward because the cBAs crystal still contains 
imperfections from the particular growth technique, CVT [39,47], such 
as point defects and common impurities like carbon and silicon [41], 
resulting in hole conduction. The contribution of these imperfections 
into the measured absorption can be removed by assuming that the 
absorption coefficient 𝛼t𝑜𝑡𝑎𝑙 constitutes of two contributions from a per-
fect crystal and the imperfections as: 𝛼t𝑜𝑡𝑎𝑙 = 𝛼c𝑟𝑦𝑠𝑡𝑎𝑙 + 𝛼i𝑚𝑝𝑒𝑟𝑓𝑒𝑐𝑡𝑖𝑜𝑛𝑠 [28]. 
Fig.  9 illustrates that if the absorption coefficient is given by [48]: 𝛼 =
𝐴
(

ℎ𝜈 − 𝐸𝐺
)

, where 𝐴 is a constant, ℎ𝜈 is the phonon energy, and 𝐸𝐺 is 
the material bandgap, then the absorption coefficient must be linearly 
dependent on the phonon energy [28]. Therefore, the indirect bandgap 
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Table 2
A collection of indirect and direst cBAs bandgaps from the literature, obtained experimentally and from DFT calculations, using 
a variety of approximate methods. LT-PL stands for the low temperature photoluminescence, UV–Vis for ultraviolet–visible 
spectroscopy, UV–Vis-NIR for ultraviolet–visible-near infrared spectroscopy, STS for scanning tunnelling spectroscopy, VASP for 
the Vienna Ab-initio Simulation Package, GAMESS for the General Atomic and Molecular Electronic Structure System, GGA.PBE 
for the Perdew–Burke–Ernzerhof (PBE) functional – a common choice within the generalised gradient approximation (GGA), HSE 
for the hybrid Heyd–Scuseria–Ernzerhof functional, LDA for the local-density approximation, and GW for the G0W0 method, which 
uses the non-interacting Green’s function (G0) and the screened Coulomb interaction (W0), calculated without solving the Dyson 
equation self-consistently. PAW is the projector augmented-wave method, LCGO stands for the linear combination of Gaussian 
orbitals, and LCAO for the linear combination of atomic orbitals.
 Method Indirect bandgap [eV] Direct bandgap [eV] Reference  
 Experimental: UV–Vis 1.46 N/A [40]  
 Experimental: LT-PL 1.78 3.95 [41]  
 Experimental: UV–Vis 1.82 N/A [12]  
 Experimental: STS 2.1 N/A [14]  
 Experimental: idealised UV–Vis 1.835 N/A [42]  
 Experimental: UV–Vis-NIR 2.02 4.12 [28]  
 Experimental: UV–Vis-NIR 2.01 4.24 This work 
 Calculations: VASP, GGA.PBE 0.98 N/A [13]  
 Calculations: VASP, HSE 2.05 N/A [14]  
 Calculations: VASP, HSE06, PAW 1.78 N/A [41]  
 Calculations: QESP, LDA, GW 2.07 4.25 [28]  
 Calculations: QESP, LDA, GW 2.049 4.135 [43]  
 Calculations: GAMESS, LDA, LCGO 1.48 3.3 [44]  
 Calculations: QATK, HSE06, LCAO 2.03 3.99 This work 
Fig. 9.  The square root of the absorption coefficient (blue line) as a function 
of photon energy, used to determine the indirect bandgap of cBAs using UV–
Vis-NIR spectroscopy. The absorption contains contributions from the crystal 
(black dash line), indicated by baseline, and imperfections, indicated by lower 
and upper bounds (green and red dashed lines), which appear as background 
signals. The crystal bandgap is identified at the intersection of the upper bound 
(red dashed line), where impurity effects begin, and the baseline. The lower 
bound (green dashed line) is shown for comparison.

of a perfect crystal, calculated by the DFT method, can be determined 
from the point where the slope of the absorption changes [28], as 
shown in Fig.  9. The extracted indirect bandgap is 2.01 eV, which is 
also in line with experimental data from the literature as summarised 
in Table  2. The measured absorption coefficient for the direct bandgap 
indicates negligible imperfections, exhibiting a distinct transition at 
the band edge, leading to an extracted direct bandgap of 4.24 eV, 
as illustrated in Fig.  10. We would like to note that the signal-to-
noise ratio of the absorption data is low due to the small sample size. 
Therefore, the optical bandgap extracted from this method is subject to 
experimental uncertainty. Nonetheless, the extracted indirect and direct 
bandgaps align well with values reported in the literature [28].
6 
Fig. 10.  The square root of the absorption coefficient as a function of photon 
energy is used to determine an direct bandgap of cBAs using UV–Vis-NIR 
spectroscopy. Similar to the determination of the indirect bandgap (Fig.  9), 
the absorption includes contributions from both the crystal itself (black dashed 
line) and imperfections (upper bounds), which manifest as background signals. 
The crystal bandgap is determined at the crossing of the upper bound (red 
dashed line), indicating the onset of impurities, and the baseline.

4. Conclusion

The systematic study of the various DFT calculation approaches 
within three DFT codes has been carried out to obtain the bandstructure 
of cBAs. The main criterion for accuracy is the indirect and direct 
bandgaps extracted from the UV–Vis-NIR spectroscopy measurements, 
as well as previous experimental measurements [28]. We have em-
ployed one commercial DFT code, QATK (Synopsys) [15], and two open 
source DFT codes, QESP and VASP, exploring basis sets like PW and 
medium/ultra LCAO, potentials like Pseudo-Dojo pseudopotential and 
PAW, and comparing three exchange–correlation energy functionals: 
GGA.PBE, meta-GGA, and HSE06. We have also studied the effect of 
SOC using non-collinear, collinear, and unpolarised SOC.
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The greatest accuracy in bandgap DFT calculations is obtained when 
using the LCAO with an ultra basis set, the hybrid HSE06 functional, 
Pseudo-Dojo pseudopotentials, and non-collinear SOC within QATK, 
giving an indirect bandgap of 2.03 eV and a direct bandgap of 3.99 eV. 
This is in line with a reported DFT value of 2.07 eV and 4.25 eV [28] 
and 2.049 eV and 4.135 eV [43], and in excellent agreement with our 
measured indirect and direct bandgaps of 2.01 eV and 4.24 eV, as well 
as recent experimental values of 2.02 eV and 4.12 eV [28], respec-
tively. The exploration of alternative DFT approaches, as collected in 
Table  1, shows indirect bandgaps between 1.13 eV and 2.16 eV, and 
direct bandgaps between 3.04 eV and 4.05 eV. The study demonstrates 
that non-collinear SOC is an essential ingredient of the physically 
meaningful bandstructure calculations in relatively wide bandgap ma-
terials. A very low value of 0.98 eV [13] was reported by using the 
GGA exchange–correlation potential, which is known to underestimate 
bandgaps. This is consistent with our result of 1.16 eV using the 
same exchange–correlation functional. The use of the hybrid exchange–
correlation HSE06 functional increases the bandgaps to 2.03 eV and 
3.99 eV (see Fig.  4(a)), highlighting the importance of both the HSE06 
functional and optimised PseudoDojo pseudopotentials in achieving 
reliable results.
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