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Abstract
We calculate the electronic and optical properties of InAs/InAs0.625Sb0.375 superlattices (SLs)
within relativistic density functional theory. To have a good description of the electronic and
optical properties, the modified Becke–Johnson exchange-correlation functional is employed to
describe the band gaps correctly. First, we analyze the electronic and optical characteristics of
bulk InAs and InSb, and then we investigate the InAs/InAs0.625Sb0.375 SL. The optical gaps
deduced from the imaginary part of the dielectric function are associated with the characteristic
interband transitions. We investigate the electronic and optical properties of the
InAs/InAs0.625Sb0.375 SL with three lattice constants of the bulk InAs, GaSb and AlSb,
respectively. It is observed that the electronic and optical properties strongly depend on the
lattice constant. Our results support the presence of two heavy-hole bands with increasing
in-plane effective mass as we go far from the Fermi level. We notice a considerable decrease in
the energy gaps and the effective masses of the heavy-holes in the kx–ky plane compared to the
bulk phases of the parent compounds. We demonstrate that the electrons are s-orbitals
delocalized in the entire SL, while the holes have mainly p-Sb character localized in the
In(As,Sb) side of the SL. In the SL, the low-frequency absorption spectra greatly increase when
the electric field is polarized orthogonal to the growth axis allowing the applicability of III–V
compounds for the long-wavelength infrared detectors.
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1. Introduction

Over the last few years, InAs/In(As,Sb) Ga- and Hg-free
type-II superlattices (T2SLs) have attracted attention as prom-
ising candidates for infrared (IR) detector applications due to
their narrow gaps and carrier lifetime longer than those in
other systems [1–9]. Furthermore, In(As,Sb) quantum wells
and nanowires have been proposed as a platform for topolo-
gical superconductivity [10] while the InAs/GaSb heterostruc-
tures host topological states due to their type III band bending
[11–13]. Typically, the band structure of these compounds
is studied by the envelope function k · p formalism or within
tight-binding approximation [2]. These empirical methods are
successful in describing the conduction band but often fail in
the case of the heavy-hole valence band, whose curvature and
anisotropy are determined by remote bands not considered
usually within effective Hamiltonian methods. In this paper,
we determine, by a first-principle method, band structures and
optical properties of bulk In(As,Sb) and InAs/InAs0.625Sb0.375
SLs with lattice constants of InAs, GaSb and AlSb, respect-
ively. Our results show that the absorption coefficient of SLs
is larger than that of bulk materials, reconfirming the superior-
ity of SLs for detector applications. We demonstrate also that
the effective mass of heavy-holes in the kx–ky plane is much
reduced in SLs indicating that III–V SLs might replace IV–VI
compounds as efficient Pb-free IR emitters.

The InAs and InSb bulk compounds belong to the family
of the III–V zinc-blende semiconductors. For the zinc-blende
systems and their alloys, it is possible to grow heterostruc-
tures and SLs, in which the alloy content, thickness and inter-
face chemistry can serve to tune the band gap and bandwidths
[14] of the two sides of the interface to have type II or type
III SL. In a first approximation, in the InAs/In(As,Sb) SLs
due to the type II band alignment the electrons are confined
within the InAs layer and the holes in the In(As,Sb) layers,
and thus electrons and holes are spatially separated. Therefore,
by adjustment of the InAs and/or In(As,Sb) thickness as well
as the Sb concentration, it is feasible to tune the band gap
within a wide range of the IR region. Moreover, the thick-
ness and the Sb concentration have to be tuned to keep the
average lattice constant of SL as close as possible to the lat-
tice constant of the substrate. Owing to these unique prop-
erties, T2SLs InAs/In(As,Sb) have been chosen as mater-
ials for applications in the far-IR radiation. In this paper,
we will give more details about the location and dispersion
of electrons and holes in T2SLs InAs/In(As,Sb). To achieve
this goal, we perform density functional theory (DFT) cal-
culation for a large 3D SL using spin–orbit coupling (SCO)
and modified Becke–Johnson (MBJ). On top of this, we cal-
culate the optical properties making this calculation quite
computationally demanding. To our knowledge, there was no

previous calculation combining large 3D SL, spin–orbit, MBJ
and optical properties.

In section 2, we describe the computational details,
section 3 is devoted to the electronic and optical properties of
the InAs and InSb bulk while in section 4 the InAs/InAs0.625
Sb0.375 SL properties are investigated. Finally, section 5 is ded-
icated to the conclusions.

2. Computational details

We have performed DFT calculations by using the VASP
package [15–17]. The core and the valence electrons are
treated within the projector augmented wave method [18] with
a cutoff of 300 eV for the plane wave basis. Given the import-
ance of SOC in narrow-gap zinc-blende compounds and given
the size of the SOC in the elements in question, all calcula-
tions have been performed with the relativistic effects taken
into account. The valence bands are predominantly composed
of anion p-states. Since the SOC energy of p-states is 164meV
in InAs [19], i.e. comparable to the bandgap, the inclusion
of SOC is essential for an exact representation of the band
structure. If SOC is not included in the calculations, the sys-
tem is metallic in disagreement with experimental results. For
compounds with a zinc-blende structure, DFT within a stand-
ard local spin density approximation does not predict prop-
erly electronic properties, e.g. band gaps, spin–orbit splittings,
and effective masses. The resulting band structure has often a
wrong band ordering at the Γ point; these compounds turn out
to be zero-gap topological semimetals (like HgTe) rather than
narrow-gap semiconductors. Few approaches have made it
possible to solve this problem, among these, there is the hybrid
exchange-correlation functional [20, 21] and an all-electron
screened exchange approach within the full potential linear-
ized augmented plane-wave method [22]. These approaches
reproduce the experimental band gaps of these compounds,
however, they are computationally expensive to study het-
erostructures. Therefore, in order to study heterostructures
and SLs, we have employed the MBJ exchange-correlation
functional together with generalized gradient approximation
(GGA) for the exchange-correlation potential [23], which is
a semilocal potential that improves the description of the
band gaps especially for narrow gap semiconductors [24–26]
including zinc-blende semiconductors [21, 27–29]. We can
tune the band gap by varying the parameter cMBJ, as reported in
supplementary materials figures S1 and S2. The value of cMBJ

is the only adjustable parameter that is fixed fitting the band
gap of the bulk compounds or the SL. In the literature, theMBJ
approach was successfully used for other zinc-blende systems
[30]. Despite the MBJ functional having problems with doped
systems due to its non-locality [31], we have found that our
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Figure 1. Optimized crystal structure of the InAs/InAs0.625Sb0.375 SL grown along the z-axis, (001) axis of the bulk unit cell. The orchid,
green and sandy brown spheres represent In, As and Sb atoms, respectively. The dashed green arrow represents the extension of the InAs
side of the supercell, while the dashed orange arrow represents the extension of the InAs0.625Sb0.375 side of the superlattice. The solid black
line represents the unit cell of the superlattice.

results for the bulk system are quite remarkable. Therefore,
we conclude that the MBJ provides reliable results if the prop-
erties of the doping do not differ too much from the properties
of the host as in the case InAs doped with Sb. The GGA+U
does not solve the gap problem for the zinc-blende unless we
would use exotic negative Coulomb repulsions [32].

To inspect how the energy gaps and optical properties of
InAs/InAs0.625Sb0.375 SL change as a function of the lattice
constant, we used room temperature lattice constants of InAs,
GaSb and AlSb, respectively. The values of the lattice para-
meters at T = 300K are: aInAs = 6.0583Å, aGaSb = 6.0959Å
and aAlSb = 6.1355Å [33]. In other words, we considered the
SL is grown on InAs, GaSb and AlSb substrates, respectively.
The SLs are treated as fully strained and we have a perfect
interface without intermixing. Our (001) SL is composed of
8.04 nm of InAs (26 unit cells) and 2.53 nm of InAs5/8Sb3/8
(8 unit cells), as shown in figure 1.

3. Bulk properties

In this section, we investigate the electronic and optical prop-
erties of the InAs and InSb bulk to use as a benchmark for the
investigation on the SL.

3.1. Electronic properties of the InAs and InSb bulk

Using the eigenvalues at the Γ point of InAs and InSb
bulk, we can calculate the band bending of the SLs. The
band bending of the InAs/InSb returns a type III SL, while
the band bending of the InAs/InAs0.625Sb0.375 returns a
type II SL in agreement with experimental data. For the
calculation of band gap of InAs0.625Sb0.375, we have used
the virtual crystal approximation for the energetic levels with
0.625Ec,v;InAs+0.375Ec,v;InSb where Ec,v;InAs and Ec,v;InSb are
the energetic levels of the valence (v) or conduction (c) bands
of InAs and InSb, respectively. This highlights how our com-
putational setup is reliable in the description of the electronic
properties of this material class.

Using the notation of [20], table 1 summarizes the
effective masses of the energy bands such as msplit−off,
mlight−hole, mheavy−hole and conduction electron melectron along
the directions [100], [110] and [111] for various theoretical

Table 1. Effective masses of bulk InAs calculate within MBJ
(this work) compared with other theoretical approaches [20] and
experimental results [34, 35] at Γ along different directions of the
k-space. Increasing the energy, we name the bands as split-off,
light-hole, heavy-hole and electron bands as used in the literature
[20].

Approach Direction msplit−off mlight−hole mheavy−hole melectron

HSE06 [100] 0.112 0.033 0.343 0.027
[111] 0.111 0.031 0.836 0.027
[110] 0.112 0.032 0.623 0.027

MBJ [100] 0.189 0.064 0.155 0.021
[111] 0.119 0.046 0.609 0.014
[110] 0.062 0.037 0.409 0.031

Experiment [100] 0.140 0.027 0.333 0.023
[111] 0.140 0.037 0.625 0.026
[110] 0.140 0.026 0.410 0.026

and experimental approaches. In this paper, we have fitted the
DFT band structure with a quadratic dispersion and reported
the numerical values of the fitting. The effective masses cal-
culated for heavy-hole along the [111] and [110] directions
strongly match experimental results. Similarly, the effective
masses of conduction electrons in the [100] and [111] direc-
tions coincide with those of experiments. Respect to the Heyd–
Scuseria–Ernzerhof (HSE06) exchange-correlation results
present in the literature, the light-holes inMBJ are heavier than
HSE06 while the heavy-holes in MBJ are lighter than HSE06.

3.2. Optical properties of the InAs and InSb bulk

The optical properties of a particular semiconductor are
of great interest due to their possible applications in
optoelectronics and photon sensing. After establishing the
values of cMBJ for the bulk compounds, as reported in the
supplementary materials figures S1 and S2, we calculate the
optical properties of InAs and InSb at T = 0. In figures 2 and 3
we show optical characteristics of InAs and InSb in the bulk
form, respectively. Due to the cubic symmetry, the optical
properties of InAs and InSb bulk are isotropic and therefore
independent on whether the electric field is polarized along
the x-, y- and z-axis.

3
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Figure 2. Frequency-dependent optical properties of InAs bulk with the low-temperature lattice constant. (a) Real (green line) and
imaginary (blue line) parts of the dielectric function. (b) Absorption spectrum in the frequency-range between 0 and 8 eV. (c) Absorption
spectrum in the IR region. (d) Reflectivity. (e) Refractive index. (f) Energy loss function.

Figure 3. Frequency-dependent optical properties of InSb bulk with the low-temperature lattice constant. (a) Real (green line) and
imaginary (blue line) parts of the dielectric function. (b) Absorption spectrum in the frequency-range between 0 and 8 eV. (c) Absorption
spectrum in the IR region. (d) Reflectivity. (e) Refractive index. (f) Energy loss function.

Figures 2(a) and 3(a) illustrate the real and imaginary parts
of the dielectric function for InAs and InSb, which are used to
extract other optical responses for the system. The values of
the real part of the dielectric function on the vertical y-axis of
the graph are known as static values of the real part; the value
of static dielectric constant for InAs is 11.07, while that of InSb

is 13.42, which is in agreement with the values reported in
theoretical [36, 38] and experimental works [37]. Table 2 gives
a comparison between the present work and the literature. The
imaginary and real parts of the dielectric function [39], as well
as the refractive index, are in very good agreement with the
literature [39] for both InAs and InSb.
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Table 2. Static dielectric constants (ε) and refractive indices (n0)
for the InAs bulk in the present work and in the literature.

Approach ε (n0)

Present work 11.07 3.315
GGA-EV theory [36] 10.82 3.289
Experiment [37] 11.67 —

If we look at the absorption spectra of figures 2(b) and 3(b),
we can see that the first absorption peaks appear at 0.417 eV
for InAs and 0.235 eV for InSb. These peaks correspond to
the energy-gap between the highest occupied and the lowest
unoccupied energy bands, characterizing specific electronic
transitions. In figures 2(c) and 3(c) we zoom in the 0–2 eV
energy range, to quantify and describe the importance of InAs
and InSb semiconductors in the IR region. Previous calcula-
tions on the same material class were reported using an all-
electronmethodwith cMBJ calculated self-consistently [40, 41]
and tight-binding method [42], despite the different method-
ology our results are in quantitative agreement with the the-
oretical literature. If we compare our absorption spectra with
experimental literature, we find that our theoretical absorption
coefficients overestimate the experimental values as expected
neglecting the local field effect.

Besides, the surface behavior of these semiconductors is
studied via reflectivity, which is defined as the ratio of the
reflected and incident power. Figures 2(d) and 3(d) display the
reflectivity spectra for InAs and InSb, which indicate that these
compounds are less reflective in the IR region compared to
other regions. Nevertheless, the refractive index shows a sub-
stantial value in the IR region, as we can see from figures 2(e)
and 3(e). The low reflectivity and higher refractive index in
the IR region make these materials very useful for IR detect-
ors. The static refractive indices n0 are 3.315 and 3.684 for
InAs and InSb, respectively. Further, the energy loss function
(ELF) is calculated in figures 2(f) and 3(f), to measure the loss
of energy taking place in the systems. Almost no energy loss
can be seen for the photons in the IR region. However, as the
energy increases beyond 5 eV, energy loss starts to increase
and becomes maximum around 15 eV. The peaks in ELF spec-
tra correspond to the plasma resonance and hence the associ-
ated frequency is the plasma frequency.

4. Study of the InAs/InAs0.625Sb0.375 SL

In this section, we study the SL of InAs/InAs0.625Sb0.375 since
it is employed in the devices of IR-detectors. Here, we use
as in-plane lattice constant of the SL the values of the InAs,
GaSb and AlSb at T = 300K, respectively [33]. We used the
value of cMBJ = 1.22 for all atoms of the SL. This value gives a
reasonable agreement with experimental results of 0.1 eV [43].
Then, we calculated the band structures and optical properties
of the SL for the three different lattice constants. Both InAs
and InSb have the zinc-blende as a structural ground state, then
we do not expect any structural disorder in the alloy part of the
SL. The following two subsections present the electronic and
optical attributes with these three lattice constants.

4.1. Electronic properties of the SL

After the structural relaxation of the InAs/InAs0.625Sb0.375 SL,
the electronic properties were calculated. Figure 4 shows the
band structures calculated along the k-path X-Γ-M-X for the
InAs/InAs0.625Sb0.375 SL for the three lattice constants of bulk
InAs, GaSb and AlSb, sequentially. We noticed a considerable
decrease in the energy gaps compared to the parent compounds
which allows their applicability in far-IR detection. The value
of the band gap is calculated to be 116meV in the case of aInAs,
while for aGaSb this decreases to 87meV and further decreases
to 53meV for aAlSb, as shown in table 3. We noticed that, as
the value of the lattice constant increases, the energy gap of
the SL decreases.

At the Γ point below the Fermi level, we have the highest
valence band (HVB) two times degenerate. At 0.1 eV below
HVB, we find another hole band two times degenerate, and
another hole band two times degenerate at 0.25 eV below the
HVB. All these six bands become almost degenerate at the
high-symmetry point X, therefore, all these bands originate
from the heavy-holes and light-holes of the bulk. We define
the two HVBs as heavy-holes and the third highest valence
band as light-hole. The presence of multiple heavy-hole bands
is a huge difference respect to the bulk. The number of heavy-
holes bands strongly depends on the period of the SL [43,
44]. In the literature with tight-binding models, usually it was
reported one heavy-hole band [42, 43] for a 10.57 nm period.
However, within first-principle calculations, we obtained two
heavy-hole bands. The far we go from the Fermi level, heav-
ier the effective masses of these bands become as opposite to
the bulk where we have the HVB as heavy-hole and the second
HVB as light-hole. In the case of the SL, we define the HVB as
heavy-hole1 and the second HVB as heavy-hole2. To study the
effect of lattice constant on the effective masses of the charge
carriers, we computed the effective masses at theΓ point of the
SL such asmheavy−hole2,mheavy−hole1 andmelectron along the two
in-plane directions i.e. [100] and [110] as shown in table 3. We
report different effective masses for the [100] and [110] direc-
tions, going beyond the approximation of isotropic effective
mass in the kx–ky plane found in the literature.

Due to the change of the symmetry, it is not possible to
compare directly the effective masses along the same direc-
tions in bulk and SL. However, it is interesting to compare the
effective masses of the SL respect to the effective masses of
the bulk, since we expect that this trend can be observable in
experiments. The biggest change in the SL is the reduction of
the effective masses of the HVB (heavy-hole1) respect to the
bulk, while the second HVB (heavy-hole2) is now heavier as
opposite to the bulk. The effective masses that we have cal-
culated are in line with previous effective masses calculated
with other theories [42, 43, 45]. A considerable decrease of the
effective masses along the [100] direction can be seen, as the
lattice constant increases from 6.05 830Å (InAs) to 6.1355Å
(AlSb). Except for the melectron, the effective masses along the
[110] direction are smaller than the effective masses along the
[100] direction. We have noticed that the lattice constant not
only influences the band gaps but also the effective masses
associated with charge carriers. Indeed, except for themelectron,
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Figure 4. Band structures of the SL for three different lattice constants at 300K i.e. (a) aInAs, (b) aGaSb and (c) aAlSb. (d) Numbers 1 and 2
indicate the characteristic interband transitions. The inset shows the peaks associated with the number 1 and 2 in the imaginary part of the
dielectric function for the x- and z-polarization of the electric field. The Fermi level is set to zero.

Table 3. Effective masses of InAs/InAs0.625Sb0.375 at Γ point along in-plane directions of the k-space for the lattice constants of InAs, GaSb
and AlSb and their comparison with the literature [43].

Lattice constant (Å) Band gap Direction mlight−hole mheavy−hole2 mheavy−hole1 melectron

InAs (6.0583) 0.116 eV [100] 0.196 0.175 0.022
[110] 0.062 0.056 0.023

GaSb (6.0959) 0.087 eV [100] 0.147 0.126 0.016
[110] 0.052 0.041 0.018

AlSb (6.1355) 0.053 eV [100] 0.112 0.099 0.016
[110] 0.046 0.044 0.024

k·p model for 14.5 nm SL [43] 0.1 eV kx–ky plane 0.096 0.040 0.019
InAs/GaSb with 17 layers [44] 0.1 eV kx–ky plane 0.051–0.061 0.33–0.37 0.023–0.031

Table 4. Effective masses of InAs/InAs0.625Sb0.375 at Γ point along kz for the lattice constants of InAs, GaSb and AlSb and their comparison
with the literature [43].

Lattice constant (Å) Band gap Direction mlight−hole mheavy−hole1 mheavy−hole2 melectron

GaSb (6.0959) 0.087 eV [001] 54.9 32.5 0.256
k·p model for 14.5 nm SL [43] 0.1 eV [001] 0.104 31.02 0.023

the effective masses decrease with the increase of the lattice
constant of the SL.

The SL Brillouin zone is very different from the bulk Bril-
louin zone due to the change of the unit cell symmetries and
lattice constants. In particular, the z-axis is extremely elong-
ated flattening the band and increasing the effective mass
along the [001] direction [43]. The calculated effective masses
along [001] are reported in table 4 and compared with the

literature. The calculated effective masses of the heavy-holes
along [001] are extremely high as 54.9 which is comparable
with the literature. The effective electron mass along [001] is
0.256 which is one order of magnitude larger than the in-plane
effective masses. The reason for the difference between holes
and electrons lies in the properties of the Γ6 in zinc-blende
semiconductors. The wave function of the Γ6 state is in a
quantum bonding state between the s-orbitals of Indium that
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Figure 5. Type-II band bending using the gap of bulk InAs and
InAs0.625Sb0.375 calculated for c

MBJ = 1.180. From the bulk data, we
estimate the LCB and HVB of the supercell. The filled rectangulars
represent the electronic bands connected by black lines representing
the band gap. e− and h+ represent electrons and holes. The ovals
represent the positions of LCB and HVB in the real space, while the
HVB is mainly located in the In(As,Sb) side, the electrons are
delocalized along the superlattice. The energy zero is fixed at the top
of the valence band of InAs. The numerical values are in eV.

can be approximated as: |Γ6⟩ ≈ 1√
N

∑
i=1,N |5s-Ini⟩ where the

index i runs on the N atoms of Indium present in the supercell,
minor contributions from the s orbitals of the anions are also
present. This bonding state is delocalized on both sides of the
supercell. The band bending of the T2SL InAs/InAs0.625Sb0.375
is shown in figure 5 together with the atomic character of the
electrons of the lowest conduction band (LCB) and HVB of
the InAs/InAs0.625Sb0.375 supercell. The DFT results confirm
that the orbital character of the LCB is mainly 5s-In while the
orbital character of the HVB is mainly 5p-Sb. In summary,
the electrons are delocalized along the SL owning a small
mass, while the holes are localized in the In(As,Sb) side of
the SL owning a huge effective mass. As a consequence the
concentration and the distribution of the Sb doping mainly
affects the hole carriers. The gap obtained from the band bend-
ing is 0.13 eV, which is in agreement with the literature [46]
and in qualitative agreement with the more accurate results for
the supercell presented in table 3.

In figure 4(d), the interband electronic transitions related to
the excitations in the SL are described. The light–matter inter-
actions can be explained by the complex dielectric function,
i.e. the imaginary part is directly linked to the absorption. The
observed peaks in the inset of figure 4(d) can be connected to
the excitation of electrons from the valence band maximum to
the conduction bands for aInAs based SL, which are also indic-
ated by the interband transitions in figure 4(d) with the trans-
ition number 1 at 115meV and with the transition number 2
at 365meV. These excitations can take place owing to the ver-
tical transition from the valence band to the conduction bands
at the Γ point of the Brillouin zone as indicated in figure 4(d).
Since the gap depends on the lattice constant, we figured out
that also the energies required to cause the interband trans-
itions are affected by the different lattice constants.

4.2. Optical properties of the SL

Based on the relaxed structure, we have explored the
optical properties of InAs/InAs0.625Sb0.375 SLs with the MBJ
exchange-correlation functional. Again, the three different lat-
tice constants are considered to calculate the optical proper-
ties as illustrated in figures 6, S3 and S4, respectively. For
the SL, we observed that all the optical properties are aniso-
tropic because of the reduction in symmetry [47]. Besides, the
results in figures 6(a), S3 and S4 are almost identical, which
shows that the small changes in in-plane lattice constant has
a very small effect on the optical properties. Figures 6(a),
S3(a) and S4(a) demonstrate the real and imaginary parts
of the dielectric function for the three cases, respectively.
Owing to the anisotropy, the values of static dielectric con-
stants for SLs with the InAs, GaSb and AlSb lattice con-
stant are (19.40, 15.57), (24.06, 12.20) and (30.00, 13.14) in
the x and z-directions, respectively. Table 5 demonstrates the
static dielectric constants (εx,εz) and refractive indices (nx, nz)
of InAs/InAs0.625Sb0.375 for lattice constants of InAs, GaSb
and AlSb, respectively. The absorption coefficients of the SL
for the three lattice constants are shown in figures 6(b), (c),
S3(b), (c) and S4(b), (c). The first absorption peak appears
near 0.115 eV and the second appears at 0.365 eV in the case
of InAs lattice constant, for the GaSb case they appear at
0.092 eV and 0.316 eV while for the AlSb case the first and
second peaks appear at 0.082 eV and 0.273 eV, respectively.

In figures 6(b), S3(b) and S4(b), we report the absorp-
tion spectra in the region between 0 and 8 eV. The absorp-
tion spectra strongly increase from the frequency of the energy
gap until approximately 5 eV. Beyond 5 eV, the absorption
spectrum reaches a plateau with moderate oscillations of the
order of 15%. Including the electron–hole interaction, the
plateau would be reached at lower frequencies. Similarly in
figures 6(c), S3(c) and S4(c), we report the absorption spectra
in the region between 0 and 2 eV that is the relevant region
for IR detectors. We report the absorption coefficient when
the electric field is polarized along the x-axis (αEX) and z-axis
(αEZ). We can immediately see how the absorption coefficient
is much larger when the electric field is polarized along the x-
axis, i.e. orthogonal to the growth axis. Defining θ as the angle
between the polarization of the electric field and the z-axis, we
have that the absorption coefficient α(θ) is equal to:

α(θ) = sin(θ)αEX + cos(θ)αEZ . (1)

We have found characteristic absorption peaks in the low-
energy regions that quantify the characteristic interband trans-
itions. This employs the possibility of using these SLs for IR
detection. Similar to the bulk case, the SL is also less reflect-
ive in the IR region (see figures 6(d), S3(d) and S4(d)). Also,
the refractive indices are higher in the IR range as shown
in figures 6(e), S3(e) and S4(e). Such less reflection of the
photons and higher corresponding indices of refraction in
the IR range of the electromagnetic spectrum suggests their
applications in the IR detectors. It can be noticed that the static
refractive indices n0 are also anisotropic; these are (4.4, 3.4),
(4.9, 3.5) and (5.5, 3.6) for InAs, GaSb and AlSb based lattice
constants in the (x, z) directions (table 5). Moreover, the ELFs
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Figure 6. Frequency-dependent optical properties of InAs/InAs0.625Sb0.375 superlattice with lattice constant at T = 300K that is
aInAs = 6.0583Å. (a) Real and imaginary parts of the dielectric function. (b) Absorption spectra in the frequency-range between 0 and 8 eV.
(c) Absorption spectra in the IR region. (d) Reflectivity. (e) Refractive index. (f) Energy loss function. The x-dir and z-dir indicate the
directions of the electric field polarized perpendicular and parallel to z-axis of the SL.

Table 5. Static dielectric constants (εx,εz) and refractive indices
(nx, nz) of InAs/InAs0.625Sb0.375 for lattice constants of InAs, GaSb
and AlSb, respectively, using the MBJ approach.

Lattice constant (Å) εx εz nx nz

InAs (6.0583) 19.4 15.6 4.40 3.40
GaSb (6.0959) 24.1 12.2 4.90 3.51
AlSb (6.1355) 30.0 13.1 5.51 3.60

for the three cases reveal almost identical behavior and show
no energy loss up to 12 eV, particularly for the photons in the
IR range as shown in figures 6(f), S3(f) and S4(f).

Since the most relevant physical property for the far-IR
detectors is the absorption spectrum, finally, we compare the
absorption spectra in the IR region for InAs bulk and the SLs
in figure 7. It can be seen that the absorption strongly increases
for SL in the IR regime as compared to InAs bulk. Also, the
absorption is observed to increase as a function of the lat-
tice constant and becomes maximum for the lattice constant
of aAlSb. The reason for the large absorption coefficient of the
SL could be attributed to the presence of the two heavy-hole
bands. Then, we can speculate that thicker SLs could produce
even larger absorption spectra provided that the quality of the
sample and the strain would be uniform along the SL. How-
ever, the uniform strain is limited by the critical thickness in
the experimental realization.

To go beyond the independent-particle approximation
employed here for the optical properties, we would need the
using Bethe–Salpeter equation that includes the electron–hole
interaction. The Bethe–Salpeter equation would produce a

Figure 7. Absorption coefficient for an electric field polarized along
the x-direction in the far-infrared regime between 0 and 1 eV.
Spectra of InAs bulk (dash-dotted grey line) and InAs/InAs0.625
Sb0.375 SLs for InAs (dotted green line), GaSb (dashed red line) and
AlSb (solid blue line) substrate.

shift of the peak in the imaginary part to lower frequencies
[48, 49]. The Bethe–Salpeter couples the electron and the
hole, and thus takes into account the electron–hole interactions
[50]. This approach has been very successful for the calcula-
tion of absorption spectra of a large variety of systems bear-
ing large band gaps, such as wide band gap semiconductors
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and insulators [51]. On the other hand, the small-gap
semiconductors and metals, instead, screen this electron–hole
interaction, and the resulting contribution can therefore be
negligible. Since we are dealing with ultranarrow gap semi-
conductors, the MBJ potential is sufficient for our study.

5. Conclusions and outlook

We have investigated the electronic and optical properties of
InAs and InSb bulk and their SLs. We perform a computation-
ally demanding calculation for the realistic system combining
a large SL, SCO, MBJ and optical properties. We focus on the
InAs/InAs0.625Sb0.375 SL with the three lattice constants of the
bulk InAs, GaSb and AlSb, respectively. It is observed that the
electronic and optical properties effectively change due to the
different symmetry present in the SL and with the lattice con-
stant of the SL. In the SL, we notice a considerable decrease
in both the energy gaps and the effective masses of the heavy-
holes compared to the bulk phases of the parent compounds.
As opposite to the tight-biding literature, we have found two
heavy-hole bands with the in-plane effective mass increasing
as far as we go further from the Fermi level. In the kx–ky plane,
the effective masses of the heavy-holes in the SL become com-
parable with the one of the light-holes of the bulk. Along the
growth axis, the effectivemass of the hole becomes huge while
the effective mass of electron increases less significantly. This
happens since the electrons are delocalized in the entire SL
while the holes are localized in the In(As,Sb) side of the SL.
As future prospects, it would be helpful to simulate the ran-
domness of the Sb distribution and the possible Sb interdif-
fusion in the InAs layer. This would require larger supercells
and could not be done following this computational approach.

Our theoretical calculations demonstrate that the absorp-
tion spectra in the far-IR regime strongly increased in the case
of SL with respect to bulk InAs and InSb. The absorption
coefficient of the SL is larger if the electric field is polarized
in the direction orthogonal to the growth axis. Moreover, the
absorption spectrum as a function of the lattice constant is
increased at low frequency. The appearance of multiple heavy-
hole and a small energy gaps of the order of meVs produces a
high absorption coefficient making these SLs employable for
applications in far IR detectors. The large sensitivity of the
optical properties to structural and chemical degrees of free-
dom opens the possibility of engineering the optical property
of the InAs-based SL making them even more appealing for
the construction of far IR detectors.
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