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Effect of Hydrostatic Pressure on Electronic Structure
and Optical Properties of InAs: A First Principle Study
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First principle calculations have been performed to investigate the effect of hydrostatic pressure on the elec-
tronic structure and optical properties of the narrow band gap InAs compound. The calculations have been done
by the full-potential linearized augmented plane wave method, based on the density functional theory utilizing
Wien2k package. The exchange-correlation potential is treated by the generalized gradient approximation and
a combination of modified Becke–Johnson plus local-density approximation functional. Regarding the electronic
structure, using the band structure calculations at different pressures, the pressure dependence of band gap energy
is calculated. In the case of optical properties, the effect of hydrostatic pressure on the real and imaginary parts
of the dielectric function ε(ω) is calculated.
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1. Introduction

During the last century, III–V semiconductors have at-
tracted considerable attention due to their potential ap-
plications in the electronic and optoelectronic devices.
Among all III–V semiconductors, InAs (Eg = 0.42 eV)
is one of the lowest band gap semiconductors (after InSb
(Eg = 0.24 eV)) [1]. Moreover, due to the small direct
band gap, InAs is an important material for a variety
of optoelectronic devices including photodetectors and
lasers operating in the infrared range [2, 3].

The band gap energy and optical properties of ma-
terials is tunable by applying the pressure [4, 5]. The
calculation of the pressure dependence of band gap of
semiconductors is a long-standing problem in physics.
Over the past decades, with the development of strained
superlattices, there has been even much interest in the
pressure dependence of the band-gap semiconductors.
The pressure-dependent optical investigations may be the
great relevance, since by tailoring the optical properties
of materials, the performance of materials can be im-
proved and their application range can be developed.

The electronic and optical properties of InAs using the
first principles calculations are investigated by several
groups. Feng et al. investigated the electronic and opti-
cal properties of InAs at zero pressure using first principle
calculations within generalized gradient approximation
(GGA) and calculated the band gap energy and the real
and imaginary parts of the dielectric function ε(ω) [6].
Namjoo et al. investigated the structural, electronic, and
optical properties of InAs, InSb and their ternary al-
loys InAsxSb1−x within density functional theory using
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first principle calculations by employing modified Becke–
Johnson plus local-density approximation (mBJ-LDA)
and GGA functional and calculated the band gap en-
ergy and the real and imaginary parts of the dielectric
function ε(ω) as a function of concentration x. Their
calculations showed that minimum band gap energy oc-
curs for As concentration around x ≈ 0.3. The calcu-
lations also showed that the calculated band gap energy
and the real and imaginary parts of the dielectric function
ε(ω) using mBJ-LDA functional are in better agreement
with available experimental data than GGA approach [7].
Pressure dependence of band gaps of some binary semi-
conductors including InAs using an adjusted pseudopo-
tential method investigated by Abid et al. and the linear
and quadratic coefficients of pressure dependence of band
gap energy were calculated [8]. Even though some of op-
tical properties of InAs have been investigated theoreti-
cally and experimentally, but there is no earlier calcula-
tions on the effect of hydrostatic pressure on the optical
properties of InAs. Besides, pressure dependence of band
gap energy of InAs using a more accurate method like
mBJ-LDA is also missing. Thus, it would be interest-
ing to investigate the effect of pressure on the band gap
energy and optical properties of InAs using mBJ-LDA
functional. In this work, we follow two main goals: first
— to find the pressure dependence of band gap energy
of InAs semiconductor, second — to see how the hydro-
static pressure affects on the real and imaginary parts of
the dielectric function ε(ω).

This paper is organized as follows: in Sect. 2 the de-
tails of calculations method are presented. In Sect. 3,
the structural properties and the effect of pressure on
the band gap energy and optical properties of InAs are
investigated. Finally, the main results of this work are
summarized in the last section.
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2. Computational details

First principle calculations based on density functional
theory have developed the vital part of material in-
vestigations [9]. The calculated results in this work
are obtained using the highly accurate full potential
linearized augmented plane wave (FP-LAPW) method,
based on the density functional theory (DFT) as imple-
mented in Wien2k package [10, 11]. The generalized gra-
dient approximation (GGA) [12] and a combination of
modified Becke–Johnson plus local-density approxima-
tion (mBJ-LDA) [13] functional are employed to treat the
exchange and correlation interactions. It is well known
that the original form of GGA and LDA approaches are
not adequately flexible for the band gap energy calcu-
lations. Whereas, the mBJ-LDA functional, can mimic
the orbital potential behavior near the band gap and it
is expected to give the accurate states position near the
band edge. Besides, as mentioned in the introduction,
Namjoo et al. showed that the real and imaginary parts
of the dielectric function ε(ω) using mBJ-LDA func-
tional are in better agreement with available experimen-
tal data than GGA approach [7]. Thus, in this work the
mBJ-LDA approach has been developed for the calcula-
tions of electronic structure and optical properties that
depend mainly on the exactitude of exchange potential
but not for the structural properties. For the structural
properties, the GGA approach is applied.

The radii of the muffin-tin spheres were chosen as
RIn = 1.9 a.u., RAs = 1.8 a.u. The parameter of the
plane wave cut-off (RMTKmax), which controls the num-
ber of basis functions, is confined to 8.0. The spherical
harmonics inside the muffin-tin spheres were expanded
up to lmax = 10. The Fourier expansion of the charge
density and the potential is chosen as 12

√
Ry. To pro-

vide a reliable Brillouin zone integration, a set of 3000 k-
point in the irreducible wedge of the Brillouin zone was
used, while denser meshes of 10000 k-points have been
used for the optical properties. All parameters are ob-
tained through the convergence of the total energy in the
self-consistent calculations.

All the calculations of this work are performed in the
presence of spin–orbit interactions. The spin–orbit cou-
pling of the valence electrons is incorporated in the cal-
culations by means of second variational procedure [14].

3. Results and discussion

3.1. Structural properties

InAs compound has zinc-blende structure and space
group F -43m [1]. The In atom is located at the origin
(0,0,0) and the As atom is located at (1/4, 1/4, 1/4).
In order to determine the optimized lattice constant, us-
ing the experimental lattice constant as a starting point,
the total energies of InAs as a function of volume are
calculated. Then, the calculated total energies are fit-
ted to the Murnaghan equation of state [15]. Using the

TABLE I

The calculated lattice constant a within GGA
approach.

Lattice constant a [Å]
This work Exp. Other calc.

6.097 6.058 [1] 6.058 [16]
6.051 [17]
6.192 [18]

minimum of energy versus volume curve, the equilibrium
lattice constant is obtained. The result is given in Table I
together with former theoretical and experimental works.

3.2. Pressure dependence of the electronic structure
and optical properties

3.2.1. The electronic band structure
As mentioned in the introduction, InAs is a narrow

direct band gap semiconductor. To investigate the ef-
fect of pressure on the electronic properties of InAs,
first, the electronic band structure at zero pressure within
mBJ-LDA is calculated and shown in Fig. 1a. The calcu-
lated electronic band structure shows that InAs is a direct
band gap semiconductor with the As 4p and In 5s states
as valence and conduction bands and the band gap energy
Eg = 0.47 eV. These results are in good agreement with
the available experimental and theoretical data [1, 7]. To
investigate the effect of pressure on the electronic prop-
erties of InAs, the electronic band structure at differ-
ent pressure (including positive and negative) values are
calculated within mBJ-LDA approach. The results are
shown in Fig. 1b–g. One can notice that InAs is a direct
band gap semiconductor, but when applying pressure, its
band gap energy changes. The calculated values of the
band gap energy of InAs at different pressures are given
in Table II. Note that by increasing the pressure the band
gap energy increases, whereas by decreasing the pressure
the band gap decreases.

The calculated band gap energy as a function of pres-
sure are plotted in Fig. 2. The calculated band gap en-
ergies are fitted by the second order polynomials as the
following formulae:

Eg (P ) = 0.46 + 0.11P + 0.01P 2.

Comparison of pressure dependence of band gap energy
in the present work with available literature data [8] show
that even though the trend of pressure dependence of
band gap energy is similar, i.e., by increasing the pres-
sure the band gap energy increases, but the linear and
quadratic coefficients of pressure dependence of band gap
energy are different. This discrepancy is due to employ-
ing the different computational methods. The coefficients
in the present work are more accurate since the band gap
energy at zero pressure using the obtaining formula in
comparison to corresponding value in [8] is in excellent
agreement with available experimental data [1]. Hence,
our calculations can be viewed as a prediction, which can
be tested against experiment in future work.
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Fig. 1. The band structure of InAs at different pressures using the mBJ-LDA functional: (a) 0 GPa, (b)1.18 GPa, (c)
1.73 GPa, (d) 2.29 GPa, (e) −0.88 GPa, (f) −2.67 GPa, (g) −5.32 GPa.

TABLE II

The calculated band gap energy Eg of InAs
at different pressures using the mBJ-LDA
functional.

P [GPa] Eg [eV]
0 0.47

1.18 0.58
1.73 0.68
2.29 0.79
−0.88 0.36
−2.67 0.25
−5.32 0.16

Fig. 2. The calculated band gap energy vs. pressure.

3.2.2. The optical properties

The optical properties of materials can be described
by means of the transverse complex dielectric function,
ε (ω) = ε1 (ω) + iε2 (ω), that describes the optical re-
sponse of the crystal to the electromagnetic field at all
energies, and where ε1 (ω) and ε2 (ω) are the real and
imaginary parts of complex dielectric function respec-
tively. There are two contributions to ε (ω): interband
and intraband transitions. The contribution from intra-
band transitions is only relevant for metals. The inter-
band transition are apportioned to indirect and direct
transitions. The indirect interband transitions are re-
lated to scattering of photons and are expected to give
only a small contribution to ε (ω); consequently this con-
tribution is neglected [19, 20]. The direct interband con-
tributions are considered by calculating the imaginary
part of the dielectric function ε2 (ω). To calculate ε2 (ω),
one must sum over all possible transitions from the occu-
pied valence to the unoccupied conduction band states.
By taking the appropriate transition matrix elements into
accounts, the imaginary part of the frequency dependent
dielectric function within the random phase approxima-
tion (RPA) is given by

ε2 (ω) =
V e2

2π~2m2ω2

∫
d3k

∑
n,n′

|〈kn|p|kn′〉|2

×f (kn)
[
1− f (kn′)

]
δ
(
Ekn
− Ekn′ − ~ω

)
,

where ~ω is the energy of the incident photon, p is the mo-
mentum operator, |kn〉 are the eigenfunctions with eigen-
values Ekn

, and f (kn) is the Fermi distribution function.
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Fig. 3. The calculated imaginary part of dielectric
function of InAs at different pressures within mBJ-LDA
approach.

The integral is over the first Brillouin zone [20]. The real
part of dielectric function is obtained from the imaginary
part of dielectric function by use the Kramers–Kronig re-
lation as

ε1 (ω) = 1 +
2

π

∞∫
0

dω
′ ε2(ω

′)ω′

(ω′)2 − ω2
.

Since InAs has cubic symmetry, just one dielectric tensor
component is needed to calculate to completely charac-
terize the linear optical properties. In order to investigate
the effect of hydrostatic pressure on the optical properties
of InAs the imaginary part of dielectric function at dif-
ferent pressures are calculated and given in Fig. 3. The
calculated imaginary part of dielectric function at zero
pressure is in good agreement with available computa-
tional data [7]. While the comparison to experimental
data shows that even though the general features of the
calculated imaginary part of dielectric function is in good
agreement with the experimental features but the ampli-
tude of peaks are different from the corresponding ex-
perimental ones [7, 21]. This discrepancy is due to the
neglect of local field and excitonic or lifetime broadening.

Here, we focus on the three major points of ε2 (ω)
which are denoted by E0, E1 and E2. From the elec-
tronic band structure calculations, one can identify the
transitions that are responsible for the structure in ε2 (ω).
According to the optical matrix elements, it is found that
the As 4p and In 5s states play a major role in the op-
tical transitions as the initial and final states. The E0

point corresponds to the onset of absorption edge which
is corresponding to direct transition from the highest va-
lence band (VB) to the lowest conduction band (CB) at
the Γ point. The peak E1 arises from the transitions
between the highest valence bands and the lowest con-
duction bands around the L point in the Brillouin zone.
The peak E2 is related to the transition from the high-
est valence bands to the lowest conduction band near the

Fig. 4. The calculated real part of dielectric function of
InAs at different pressures within mBJ-LDA approach.

x points of the Brillouin zone. As Fig. 3 shows by in-
creasing pressure, the absorption edge is shifted towards
higher energies, whereas by decreasing the pressure E0 is
shifted towards to lower energies.

It can also be seen that by applying pressure the po-
sition of major peak E1 and E2 shifts towards higher
energies whereas by decreasing the pressure the position
of peak shifts towards lower energies that is in accordance
to electronic band structure calculations. As can be seen,
although by applying the pressure the positions of peaks
shift but these peaks still have the same shape as those
of zero pressure.

The real part of dielectric function are calculated at
different pressures (Fig. 4). As can be seen from Fig. 4,
at all pressures ε1 (ω) decrease after 4.1 eV and becomes
negative in the special energy range, so the incident pho-
ton is attenuated and the electromagnetic wave transi-
tion through InAs compound is nearly zero in this energy
range.

The static dielectric constant ε1 (0) is a very impor-
tant physical quantity for semiconductors. The values of
ε1 (0) at different pressure are given in Table III. These
results and those in Fig. 4 indicate that the value of
real part of dielectric function near the zero frequency
decreases when increasing the pressure, whereas by de-
creasing the pressure the value of real part of dielectric
function increases. Besides, according to the results in
Sect. 2, by increasing the pressure the band gap energy
increases, whereas by decreasing the pressure the band
gap decreases. Thus, this trend is according to the Penn
model that shows the inverse relationship between the
energy band gap and the real part of static dielectric
function as follows [22]:

ε1 (0) ≈
(
~ωp

Eg

)2

.

Therefore, near zero frequency, by decreasing the pres-
sure optical conductivity of InAs increases. In Fig. 5,
ε1 (0) as a function of pressure is plotted. The calculated
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Fig. 5. The calculated static dielectric function versus
pressure.

TABLE III

The calculated ε1 (0) at different pressures
within mBJ-LDA approach.

P [GPa] ε1(0)

0 19.61
1.18 19.24
1.73 18.75
2.29 18.19
−0.88 20.43
−2.67 21.13
−5.32 22.26

values of ε1 (0) are fitted by the second order polynomials
as the following formulae:

ε1 (0) = 19.80− 0.59P − 0.02P 2.

There is no available experimental or theoretical data for
the pressure dependence of optical properties to compare
with. Thus, these results can be viewed as a prediction,
which can be tested against experiment in future work.

4. Conclusion

In this work, we have studied effect of hydrostatic pres-
sure on the electronic structure and optical properties of
InAs compound using the first principles calculations by
employing the full potential linearized augmented plane
wave (FP-LAPW) method using mBJ-LDA approach. In
the case of electronic structure, we find that by increasing
the pressure the band gap energy increases, whereas by
decreasing the pressure the band gap decreases. Regard-
ing the optical properties, it is found that by increasing
pressure the absorption edge and two major peaks E1

and E2 in the imaginary part of the dielectric function
are shifted towards higher energies whereas by decreasing

the pressure they are shifted towards to lower energies.
The results also show that by decreasing the pressure
optical conductivity of InAs increases. These results can
be viewed as a prediction, which can be tested against
experiment in future work.
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