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Type-II superlattices (T2SLs) exemplified by InAs/GaSb are promising for infrared detection as the
cutoff wavelength can simply be tuned by the layer thickness. Computational material design is thus
highly desirable, but traditional methods such as tight binding and k·p depend on the choice of param-
eters. Ab initio density-functional-theory (DFT) calculations, on the other hand, suffer from a dilemma
because band-gap accuracy and computational efficiency cannot be reached simultaneously due to band-
gap underestimation. Here we show the great potential of the shell DFT-1/2 method in the material design
of T2SLs. With a single parameter input, the lattice constant, or even without parameter, the method
yields satisfactory electronic structures for a series of InAs/GaSb T2SLs considering spin-orbit coupling,
with the band-gap mismatch limited to 5% compared with our industry-class samples. Detailed miniband
analysis is presented based on the ab initio results. For covalent semiconductors without strong corre-
lation, shell DFT-1/2 proves to be an excellent candidate for accurate band-structure calculation with
local-density-approximation-level efficiency. It enables the material design of III-V superlattice materials
at the engineering level without introducing empirical parameters.
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I. INTRODUCTION

Infrared (IR) detectors are widely used in safeguard,
medical care, and military applications [1,2]. Among high-
performance cooled IR detectors, (Hg, Cd)Te has been the
mainstream commercial technique [3]. Nevertheless, large
dimension substrate for (Hg, Cd)Te IR detectors is still
difficult to obtain [4]. In contrast, a type-II superlattice
(T2SL) IR detector [5,6] made of III-V semiconductors
is a very promising alternative with lower costs, fitting
mid-wave and long-wave IR detection. GaSb, InAs, AlSb
and certain ternary antimonides possess very similar lattice
constants, leading to the classic 6.1 Å-family III-V semi-
conductor superlattices [5]. In typical InAs/GaSb T2SLs,
the conduction-band electrons are concentrated in the InAs
layers while the valence-band holes are located within
the GaSb layers. The carrier separation behavior tends
to suppress the Auger recombination and to reduce the
dark current [7]. However, the electron and hole bands
will penetrate into adjacent layers, forming the minibands.
Therefore, the band gap of an InAs/GaSb T2SL is usu-
ally lower than that of bulk InAs and bulk GaSb. A great
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convenience arises that the target IR wavelength can be
tuned by the layer thickness, typically InAs thickness,
without altering other technical parameters. This enables
tremendous material-design flexibilities, and theoretical
calculation is a powerful technique for designing the T2SL
materials upon the need of the IR wavelength.

In previous works, empirical methods, such as empir-
ical tight binding [8,9] and k·p models [10–12] have
been widely used. Although computationally efficient, the
accuracy of these empirical methods actually depends
on the selection of experimental data, and it is diffi-
cult to account for defects and various interfacial struc-
tures under the tight binding or k·p perturbation frame-
works. On the other hand, first-principles calculations
using density-functional theory (DFT) [13,14] should be
a natural approach to enable a broad range of material
design for T2SL IR detectors. Unfortunately, the Kohn-
Sham ansatz does not enable a direct physical mean-
ing of the electron energy eigenvalues, and the obtained
“band gap” is, in general, severely lower than the exper-
imental excitation energy [15–17]. For T2SL calcula-
tion, this leads to two extremes. In some works, empir-
ical band-gap correction techniques were used based on
local-density-approximation (LDA) [14] or generalized-
gradient-approximation (GGA) [18–20] calculations [21].
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In others, advanced techniques such as the quasiparticle
approach [22] within the GW approximation were adopted
[23]. Both approaches suffer from certain drawbacks. In
the former, empirical input is unavoidable, while for the
latter the heavy computational load is a primary concern.
The ideal solution is of course a parameter-free ab ini-
tio calculation method whose computational load is yet at
the same level as LDA and GGA. Moreover, experimental
data with industrial precision are also required for a proper
benchmark of the computational method.

II. METHOD OF BAND-GAP CORRECTION

Fortunately, the 6.1-Å family semiconductors are all
normal s–p covalent semiconductors without strong elec-
tron correlation, therefore the independent-particle approx-
imation picture is still sufficiently good. A compelling
solution is to keep the LDA and GGA correlation (which
is, however, the local, dynamical correlation in quantum
chemistry [24]), but introduce some nonlocal exchange,
like the hybrid functional approach [25]. The key is
to rectify the exchange energy, a major proportion of
which counteracts the spurious electron self-interaction
[26]. The insufficient removal of electron self-interaction
causes unphysical strong repulsion for the electrons in
the filled valence band, raising the valence band with
respect to the conduction band for semiconductors (i.e.,
band-gap underestimation) [27]. The self-interaction cor-
rection (SIC) technique [28] could improve the semicon-
ductor band gaps, but is difficult to implement for covalent
compounds. On the other hand, calculating the truly non-
local Hartree-Fock exchange, no matter whether in the
screened form or not, greatly increases the computational
complexity.

Intrinsically, the band-gap problem of DFT persists
under LDA and GGA because the fundamental gap of a
semiconductor involves not only an N -electron system,
but also its ionized (N − 1)- and (N + 1)-electron counter-
parts. Hence, the quasiparticle approach [22] is the suitable
tool. However, if one does not refer to the expensive
GW method, there are other well-accepted explanations
to the band-gap problem in DFT, which are intrinsically
related to the perspective of SIC. The exact total energy
of a ground-state system, with no spurious self-interaction,
should vary in a piecewisely linear manner with respect
to the electron number [29], provided that fractional occu-
pation is allowed. In this way, the exchange-correlation
(XC) energy functional should exhibit some derivative dis-
continuity when passing through an integral number of
electrons, but practically used LDA and GGA XC func-
tionals do not possess derivative discontinuity, rendering
the underestimation of band gaps for semiconductors and
insulators. In recent years, Koopmans-compliant function-
als have been proposed by the Marzari group [30], based
on the generalized Koopmans’ theorem proved by Dabo

et al. [31]. Koopmans-compliant functionals extend the
constraint of piecewise linearity of the total energy to
each fractional orbital occupation, thus they are orbital
dependent.

On the other hand, keeping the Kohn-Sham framework,
Ferreira and coworkers extended the half-occupation tech-
nique of Slater to modern DFT calculations in 2008 [32],
proposing the DFT-1/2 method. The basic principle of
DFT-1/2 is the following discovery:

Etotal(0) = Etotal(−1) + εi

(
−1

2

)
, (1)

where Etotal(0) and Etotal(−1) are the total energies of the
semiconductor in its ground state and its ionized state with
one hole introduced, respectively. Here εi(−(1/2)) repre-
sents the energy eigenvalue for the valence-band maxi-
mum (VBM) when the system is deprived of half an elec-
tron. It is related to the nominal Kohn-Sham eigenvalue of
VBM, εi(0) from the neutral system, through

εi

(
−1

2

)
= εi(0) − Si. (2)

Now Si is a non-negative self-energy-like term that mea-
sures how the hole, introduced by intrinsic excitation,
deviates from an ideal Bloch state. Since the effect of Si
is to enlarge the band gap, taking into account a non-null
Si is like adding the derivative discontinuity of the XC,
according to Ferreira et al. [33]. On the other hand, the
necessity of considering Si is justified by the need to over-
come the spurious electron self-interaction. Under LDA
and GGA, the exchange part of the XC does not exactly
cancel the spurious electron self-interaction. The subtrac-
tion of Si aims at removing such a self-interaction term
to yield reasonable band gaps, thus lowering the valence-
band energy. To sum up, the evaluation of Si lies at the
heart of DFT-1/2.

While the detailed expression of Si is complicated
[32,33], there is a convenient way to derive it without refer-
ring to the quasiparticle equations, according to DFT-1/2.
As the hole is usually localized on a particular atom (or
sometimes shared by two adjacent atoms), it is assumed
that Si can be transferred to a solid using the reference
atomic calculation results [32]. A so-called self-energy
potential is first derived from the all-electron DFT cal-
culations for an atom, which is then summed up to the
pseudopotential of the corresponding element in the solid.
As the Coulomb-type potential is long-range in nature, the
self-energy potential has to be trimmed before its introduc-
tion to solid-state calculations. The cutoff radius (rcut) is
obtained in a variational way as to maximize the band gap,
which corresponds to the minimization of the ground-state
energy in its neutral state. Hence, rcut is not empirical and is
determined by variation, and DFT-1/2 is free of empirical
parameters.
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The computational load of DFT-1/2 is merely at the
LDA and GGA level, but it yields accurate band gaps for
many semiconductors and insulators [33,34]. A great flexi-
bility of DFT-1/2 lies in that it does not generate the correct
total energy and electronic structure at the same time.
Rather, its geometric optimization and total energy calcu-
lation rely on the LDA and GGA runs, which are however
quite satisfactory in general. The electronic structures are
derived through a post run with self-energy correction,
but carried out in real space in order to save the com-
putational load. Hence, DFT-1/2 performs extremely well
in terms of convergence, and the transferability of self-
energy-corrected pseudopotentials enables straightforward
calculations for larger supercells.

Nevertheless, when applied to covalent semiconduc-
tors, DFT-1/2 still suffers from band-gap inaccuracy and
uncertainty for the charge-stripping strategy [35]. Figure 1
illustrates the most probable spatial locations for the
valence-band hole and conduction-band electron in a III-
V semiconductor GaSb. Since the holes are localized near
the Sb anions [Fig. 1(a)], a tentative spherical region may
be suitable for the application of the self-energy potential.
However, Fig. 1(b) indicates that the electron in the con-
duction band also possesses a high probability to emerge
near the Sb anions, though another highly probable region
is surrounding the Ga cations. In this case, DFT-1/2 suf-
fers from an artificial downshift of the conduction band,
which is not only improper but also uncontrollable. A
shell-correction extension, shell DFT-1/2, was further sug-
gested in 2018 by one of the authors [36], which works
well for covalent semiconductors such as Ge and III-V
compounds. Shell DFT-1/2 involves two cutoff radii (rin
and rout), both should be optimized to yield a maximum
band gap. The key fact is that the hole in the valence
band is usually shared by the two atoms forming the bond,
and the conduction-band electron may have a consider-
able probability to emerge in the near-core regions. Hence,
the skipping of an inner sphere in the self-energy poten-
tials is usually useful for not disturbing the conduction
band of covalent semiconductors. In this sense, we claim

(a) (b)
Ga

Sb
Erroneously

corrected

FIG. 1. (a) The most probable spatial regions of the hole in
GaSb, where the red circle denotes a tentative spherical region to
cover the hole location. (b) The most probable spatial regions
of the electron in GaSb, showing the spurious correction for
the conduction band since the electron has a high possibility to
emerge in that red sphere.

that shell DFT-1/2 does not include corrections based on
DFT-1/2. Rather, it is a method that strives to minimize
the unexpected corrections, which may be erroneously
applied to the conduction band. This can be very help-
ful for covalent semiconductors. The limitation of shell
DFT-1/2 lies in that it still relies on a real-space filter to
discriminate the hole from the electron. In certain cases
like Li2O2 [36] and Cu2O [35], which involve intermediate
valency of some elements (O− in Li2O2 and Cu+ in Cu2O),
this method fails because the hole and the electron are
entangled in the same shell-like region of the real space.
However, for strongly covalent III-V semiconductors, the
carrier distribution resembles that of Fig. 1, and a shell
region can indeed effectively cover the hole-localization
regions.

In this work, we show that the shell DFT-1/2 method
is a proper solution for the materials design for T2SL IR
detectors, in that it enables ab initio calculations without
empirical parameter input, or only with a lattice constant
input. The electronic structures of a series of InAs/GaSb
T2SLs are investigated using shell GGA-1/2 (shGGA-1/2),
which are compared with our experiments to verify the
accuracy.

III. EXPERIMENT

Six photodiode structures are grown in a solid-source
molecular beam epitaxy (MBE) system. The 50-mm-size
epi-ready n-type GaSb (001) wafers are utilized, with Te
doping. After oxide desorption, approximately 300-nm-
thick GaSb buffer and approximately 3-µm superlattice
are deposited. The structure consists of a 0.5-µm-thick
p+ contact layer, a 2-µm-thick slightly p-doped π region
with constant doping concentration, a 0.5-µm-thick n+
region, and topped with a 0.01-µm-thick InAs:Si n+ doped
contact layer. The photodiode structure is schematically
shown in Fig. 2(a). The superlattices are composed of
alternating thin layers of InAs and GaSb with a period
thickness of 46 to 72 Å. All samples are processed and
characterized in exactly the same way, using standard
wet-etching techniques. The devices are not passivated
or antireflection coated. After device fabrication, strain-
balanced x monolayer (ML) InAs/0.1x ML InSb/y ML
GaSb T2SL samples are investigated using X-ray diffrac-
tion (XRD). The precise lattice-matched composition is
determined from coupled ω − 2ϑ XRD scans from the
(004) planes in a series of calibration samples. Finally, for
optical absorption measurement, the wavelengths of the
photodetectors are measured by Fourier transform infrared
(FTIR) spectroscopy.

As shown in Table I, the X-ray peak full widths at
half maximum (FWHM) of all samples are controlled to
within 50 arcs and the mismatches are controlled to within
1000 ppm, indicating high material quality. The struc-
tural properties of the superlattices are determined using
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FIG. 2. (a) Illustration of the
photodiode structure. (b) Simula-
tion of high-resolution XRD rock-
ing curve of a typical sample
(sample A). (c) FTIR spectroscopy
results for samples A–D. (d) FTIR
spectroscopy results for samples
A, E, and F.

commercial dynamical XRD software X’pert Epitaxy and
a self-consistent analysis of coupled ω − 2ϑ XRD scans
of each sample. In this analysis, the satellite-peak spac-
ing determines the composition of InAs and GaSb. This
conventional approach to modeling the XRD data yields
the set of structural parameters shown in Table I, con-
firming that the structures of the as-grown samples are
consistent with our design. The fitted high-resolution XRD
rocking curve of sample A is shown in Fig. 2(b). From
the substrate-peak spacing, the in-plane lattice constant of
GaSb is measured to be approximately 6.096 Å. The exper-
iments demonstrate the flexibility in band-gap tuning of the
T2SLs, as demonstrated in the FTIR measurement results
shown in Figs. 2(c) and 2(d). The slight oscillations in Figs.
2(c) and 2(d) are due to a poor signal-to-noise ratio, which
is related to various factors including the absorbing layer
thickness, device structure, doping, and so forth. The 0%
cutoff wavelengths of various compositions of the T2SL
are given in Table II, where the corresponding band-gap
values can readily be derived.

IV. CALCULATIONS AND ANALYSIS

As single-crystal GaSb serves as the substrate, in our
superlattice calculations the a- and b-axis lattice con-
stants are fixed to the experimental value 6.096 Å for all
T2SL models. The PBEsol functional [37], which typi-
cally yields accurate lattice constants, is adopted for the
exchange-correlation energy for minimizing the residue
stress. The calculations are carried out using Vienna
ab initio simulation package (VASP 5.4.4) [38,39] with
the projector augmented-wave method [40,41], and the

plane-wave basis is truncated at a 250-eV kinetic energy
cutoff. Spin-orbit coupling is considered in all electronic
structure calculations. For GGA we attempt PBE [20],
PBEsol [37], and AM05 [42] functional forms. For bulk
InAs and GaSb, a 25 × 25 × 25 �-centered equal-spacing
k-point mesh [43] is used to sample the Brillouin zones.
Detailed computational parameters and convergence test
results are given in Note S1 within the Supplemental
Material [56].

We first examine the accuracy of various methods in cal-
culating the electronic band structures of GaSb and InAs.
To this purpose, the optimized lattice constant through
calculation is adopted. As prototype zinc-blende semicon-
ductors with two atoms per primitive cell, the GGA and
shell GGA-1/2 band structures could be compared with
the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional
[44,45] calculation results all with spin-orbit coupling, as
illustrated in Fig. 3. In shell GGA-1/2, the strong cova-
lent nature of GaSb and InAs requires the implementation
of shGGA-1/4-1/4, where the first and second 1/4 stand
for 1/4 electron removal for III and V elements, respec-
tively. The inner and outer self-energy potential cutoff
radii for both III and V elements are obtained in a vari-
ational way to maximize the band gap. This is because
the recovered ground state, through hole filling, must be
in an energy minimum, as explained in the original work
of Ferreira et al. [32]. Figures 3(a) and 3(d) show that
GGA-PBEsol predicts no band gap for both semiconduc-
tors, and the degeneration relations among the p-orbital
valence bands are also different from the normal spin-
orbit coupling splitting, in sharp contrast to experimental
facts. The HSE06 results are much improved, though the
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TABLE I. Structural properties of experimental samples.

FWHM (arcsec)

Sample Structure
Period

thickness (Å)
Mismatch

(ppm)

Diffraction
peak on

rocking curve

−1st
diffraction peak
on ω−2θ curve

A (7/7) 7.23 ML InAs/0.71 ML InSb/7.02 ML GaSb 46.3 0 50.73 49.65
B (13/7) 13.00 ML InAs/1.30 ML InSb/6.99 ML GaSb 65.9 0 43.21 42.23
C (14/7) 14.03 ML InAs/1.39 ML InSb/6.99 ML GaSb 67.6 −368 33.62 31.89
D (15/7) 14.98 ML InAs/1.48 ML InSb/6.98 ML GaSb 71.4 0 41.32 40.72
E (8/8) 8.06 ML InAs/0.74 ML InSb/8.06 ML GaSb 52.1 −654 37.22 38.63
F (11/11) 11.10 ML InAs/1.11 ML InSb/11.09 ML GaSb 71.0 0 41.98 41.70

predicted band gaps (0.57 eV for GaSb, 0.22 eV for
InAs) are still noticeably smaller than experimental values
(0.81 eV for GaSb, 0.42 eV for InAs). In contrast, shGGA-
1/4-1/4 yields a 0.83-eV gap for GaAs and a 0.58-eV gap
for InAs, better fitting the experimental data. Our calcu-
lated InAs gap is larger than experiment, which however
also frequently occurs in GW calculations. Certain tech-
niques may be applied to tune the InAs gap to experiment,
such as adjusting the strength of In and As self-energy
potentials. Nevertheless, this goes against the spirit of ab
initio calculations, and in this work we stick to the original
electronic structure of shGGA-1/2 without introducing any
empirical parameter.

The computational load of a single shGGA-1/4-1/4 run
is actually at the same level of GGA [36], though several
trial runs should be conducted on the two-atom primitive
cells. The optimum cutoff radii for In, As, Ga, and Sb as
listed in Table III are, however, transferable to other calcu-
lations, thus there is no need to rescan these radii in T2SL
calculations. The overall high quality of shGGA-1/4-1/4
band structures for bulk GaSb and InAs, without empirical
parameters, promise their application potential in superlat-
tices. It is worthwhile to note that the GGA-1/2 gap for
InAs (0.85 eV) is even larger than GaSb (0.70 eV), and
both gap values do not fit experimental well. This reveals
that it is only shell DFT-1/2, rather than standard DFT-1/2,
that performs well for III-V semiconductors like InAs and
GaSb.

TABLE II. Optical measurement results for the six samples.

Cutoff Wavelength (μm)

Sample Peak (μm) 50% cutoff 10% cutoff 0% cutoff

A 3.79 4.09 4.20 4.40
B 4.66 7.04 9.34 9.53
C 5.20 6.75 10.58 11.72
D 5.34 7.65 11.22 12.44
E 4.06 4.41 4.56 4.75
F 3.77 5.57 6.10 6.37

While there are numerous compositions for InAs/GaSb
T2SLs, our primary composition is a T2SL consisting of
7 MLs of GaSb and 7 MLs of InAs, here denoted as the 7/7
model. Other compositions of InAs/GaSb T2SL models
are discussed in detail in Note S2 within the Supplemen-
tal Material [56]. For detailed supercell information, we
attach the model structural files (VASP POSCAR format) in a
separate zip file [57]. Figure 4(a) illustrates the 7/7 atomic
model structure. The minibands in T2SLs account for the
fundamental gap, which has been well accepted and sup-
ported by calculations [46–48]. However, there is a lack of
ab initio calculations to unambiguously support or criticize
this picture. To construct a 7/7 model that is most close to
experimental structure, one has to consider the exact inter-
facial atomic arrangement. Our model can be denoted by
7 ML InAs/0.7 ML InSb/7 ML GaSb, where the forma-
tion of 0.7 ML InSb is due to the two 0.35 ML InSb layers
belonging to GaSb and InAs, respectively. However, as the
As source persists during our fabrication, these two layers
possess a stoichiometry of InAs0.65Sb0.35, as enclosed by a
red box in Fig. 4(a). In order to ensure the As : Sb atomic
ratio to be approximately 0.65:0.35, we enlarge the T2SL
supercell to 2 × 2 along the a−b plane, where each ML
contains eight In atoms, five As atoms, and three Sb atoms.
Therefore, the As : Sb ratio in our model is 0.625:0.375,
which is quite close to experiment. The shGGA-1/2 cal-
culation on the T2SL requires applying the self-energy
potentials of In, As, Ga, Sb all subject to 1/4 electron
removal, with the cutoff radii specified in Table III. For
comparison, we also carry out GGA calculations using the
PBEsol functional.

A remarkable benefit of the shGGA-1/2 method is
that the opening of the band gap allows us to ana-
lyze the minibands of T2SLs in detail. It is well
accepted that the electrons and holes of InAs/GaSb
T2SLs are spatially separated, with the former con-
strained in the InAs layer while the latter located in the
GaSb layer. The shGGA-1/2 electronic structure anal-
ysis for the 7/7 model is given in Figs. 4(b)–4(f).
The nonempirical calculation shows that the VBM state
is surrounding the Sb atoms in real space, while the

024058-5



SHENGXIN YANG et al. PHYS. REV. APPLIED 18, 024058 (2022)

–3.0

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

E
ne

rg
y 

(e
V

)

0.58 eV
0.22 eV

0.83 eV0.57 eV

InAs shGGA-1/4-1/4InAs GGA InAs HSE06

GaSb shGGA-1/4-1/4GaSb GGA(a) (b) (c)

(d) (e) (f)

GaSb HSE06

L X

–3.0

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

E
ne

rg
y 

(e
V

)

L X

–3.0

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

E
ne

rg
y 

(e
V

)

L X
–3.0

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

E
ne

rg
y 

(e
V

)

L X

–3.0

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0
E

ne
rg

y 
(e

V
)

L XG

G G G

G G
–3.0

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

E
ne

rg
y 

(e
V

)

L X

FIG. 3. Electronic band structures of
bulk III-V semiconductors. (a) GaSb by
PBEsol; (b) GaSb by HSE06; (c) GaSb
by shGGA-1/4-1/4; (d) InAs by PBEsol;
(e) InAs by HSE06; (f) InAs by shGGA-
1/4-1/4. All calculations consider spin-orbit
coupling.

conduction-band minimum (CBM) is close to both In
and As atoms in the InAs layer. Moreover, the CBM
locations are close to the central InAs region, but the VBM
well extends to the interfacial regions. Electronic band
structures calculated using shGGA-1/2 and GGA are
compared in Figs. 4(e) and 4(f). The GGA-PBEsol band
gap is very tiny and is an indirect one, in contrast to
experimental results. On the other hand, shGGA-1/2 gives
a direct band gap of 271 meV, corresponding to 4.576-
µm wavelength. The mismatch to experiment (4.4 µm)
is merely 4%. On the other hand, the energy splitting
between the first heavy-hole band (HH1) and the light-
hole band (LH1) at the � point (HH1–LH1) is 129 meV

according to our shGGA-1/2 calculation [Fig. 4(e)]. While
the conduction band shows prominent dispersion for both
in-plane and c directions, HH1 has almost no dispersion
along the c direction.

Our results further confirm the existence of minibands in
InAs/GaSb T2SLs and their relative levels in energy deter-
mine the band gap. The quantum confinement effect is of
course relevant to the well width, thus the band gap can
be tuned through adjusting the layer thickness. In Note S3
within the Supplemental Material [56], we analyze charge
distributions at the � point of more bands around the band
gap, and identify eight minibands out of the nonminibands.
Our shGGA-1/2 calculations do not involve empirical

TABLE III. Optimal shGGA-1/4-1/4 self-energy potential cutoff radii for GaSb and InAs and the corresponding band gaps.

Self-energy potential cutoff radii (Bohr) Band gap (eV)

III element V element

III-V Material rin rout rin rout HSE06 GGA-1/2 (n = 20) shGGA-1/2 Expt.

GaSb 2.2 4.0 1.7 3.6 0.57 0.70 0.83 0.81
InAs 2.4 4.5 1.4 3.5 0.22 0.75 0.58 0.41
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FIG. 4. (a) Atomic structure of our 7 ML InAs/0.7 ML InSb/7 ML GaSb model supercell. (b) Its planar averaged Hartree potential
vertically aligned with the supercell. (c) Spatial distribution of the electronic state at the conduction-band minimum (CBM). (d) Spatial
distribution of the electronic state at the valence-band maximum (VBM). (e) The electronic band structure calculated using shGGA-1/2.
(f) The electronic band structure calculated using GGA-PBEsol.

parameters, thus we have to stick to the exact outcomes
for bulk InAs and GaSb band structures. The shGGA-
1/2 band gap for InAs is 0.58 eV, larger than experi-
mental value (extrapolated to zero temperature) 0.41 eV.
In fact, 0.58 eV is already a rather good result among
nonempirical ab initio calculations, but it does not reach
engineering accuracy, even considering the possible exci-
ton effect in experimental measurement. The mismatch is
0.17 eV, or approximately 40% because InAs is a narrow-
gap semiconductor. However, the band gap for the T2SLs
stems from excitation between minibands, which reflects

a quantum confinement effect that can be well described
by DFT calculations. Hence, the theory-to-experimental
mismatch on the InAs fundamental gap has been allevi-
ated because one is more concerned with the positions of
the minibands that are specific to the superlattice structure.
The overall shGGA-1/2 gap prediction error for the T2SL
does not exceed 5%.

Up to now we have not included the 3d (4d) elec-
trons of Ga (In) in the valence, as such tends to greatly
increase the computational cost. However, these electrons
are semicore electrons and may influence the electronic
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structure of the semiconductor, though to a less extent
in covalent bonding. To explore the possible impact of
these semicore d electrons, we include them in the valence
and the corresponding shGGA-1/2 electronic structures
for several T2SLs are given in Note S6 within the
Supplemental Material [56]. Compared with the results
that treat these d electrons in the core, the maximum band-
gap discrepancy is merely 14 meV. And compared with
experimental values, the maximum band-gap mismatch is
approximately 15 meV when these d electrons are included
in the valence. Therefore, the impact of the d shell is minor
and can be neglected in the calculations.

In considering the practical growth, we establish another
model for 7/7 (model β, cf. Note S4 within the Supple-
mental Material [56], where the model in Fig. 4(a) will be
referred to as model α). As shown in Fig. S4(a) within
the Supplemental Material, its 0.7 ML no longer con-
sists of two InAs0.65Sb0.35, but rather In0.35Ga0.65Sb and
InAs0.65Sb0.35, and the atomic structure of model β is illus-
trated in Fig. S4(b) within the Supplemental Material. The
electronic structure of model β is also calculated using
GGA-PBEsol and shGGA-1/2, where the band gap of the
former is merely 10 meV, which is indirect. The predicted
band gap for model β is 293 meV using shGGA-1/2, which
is approximately 3.9% larger than our experimental value
and lower than that of model α. Band-structure details are
given in Fig. S4(c) within the Supplemental Material. The
difference between model α and model β in terms of the
band gap is minor.

Using model α, we further study the influence of InAs
thickness on InAs/GaSb T2SLs, by fixing GaSb to 7 ML.
The number of layers for InAs (x) is scanned from 3 to
15 with an interval of 2. The interfacial layer configuration
is 0.1x ML InSb. Figure 5(a) illustrates the variation of
band gap as well as the energy splitting HH1–LH1 with
respect to x. Band gap decreases sharply when InAs goes
thicker, consistent with our expectation, but the speed of
decrease is lower for high x values. Meanwhile, HH1–LH1

decreases as well, but in a mild manner. The calculated
band-gap values match the experimental results with 7/7,
13/7, 14/7, and 15/7 compositions quite well. On the other
hand, we also studied model α for equal-layer InAs/GaSb,
i.e., x ML InAs/0.1x ML InSb/x ML GaSb with x = 7, 8,
11 and 12. The band gaps are consistent with experimental
values as shown in Fig. 5(b). Nevertheless, in this case the
degradation of band gap with x is increasingly fast for large
x. HH1–LH1 also decreases monotonously, and the rate of
decrease is slower for large x. The band structures of all
models other than 7/7 in Fig. 5 are shown in Fig. S2 within
the Supplemental Material.

The tight-binding method (TBM) is a celebrated
approach in solid-state physics, and has been widely
applied to Sb-based T2SL calculations. Wei and Razeghi
prescribed the detailed parameters for InAs/GaSb super-
lattices using tight binding [49]. We therefore calculated
all the superlattice systems in Fig. 5 that are subject
to shGGA-1/2 calculations, using tight binding and the
parameters from Wei and Razeghi [49]. This approach
requires fixing the elemental composition of each layer.
Knowing the elemental proportion of the local layer and
that of the adjacent layers, a weighted averaging would
yield the strains due to elemental mixing. Here only the
strains along the [001] direction matter, thus the elastic
constants c11 and c12 are required. We adopt the values
from the CRC Handbook of Chemistry and Physics [50].
The efficiency of tight binding is extremely remarkable,
such that we can adopt the exact compositions for the
interface. For instance, in 7 ML InAs/0.7 ML InSb/7 ML
GaSb, the interfacial layer is set to InAs0.65Sb0.35, instead
of InAs0.625Sb0.375 that is adopted in DFT calculations. In
standard TBM calculations, the supercell structure liter-
ally follows the experimental lattice constants as well as
the zinc-blende structure. For parameterized-TBM calcu-
lations, the supercell structures are kept the same as that in
shDFT-1/2 calculations, but the Slater-Koster parameters
follow that of Wei and Razeghi.
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FIG. 5. Band gaps and HH1–LH1 values for (a) x ML InAs/0.1x ML InSb/7 ML GaSb; (b) x ML InAs/0.1x ML InSb/x ML GaSb.
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Figure 6 demonstrates a comparison of T2SL band gaps
between standard TBM, parameterized TBM as well as
shDFT-1/2 results, with reference to experimental values.
It is observed that the overall tight binding band gaps are
larger than experiment, and the slope with respect to x
is not as steep as the experimental curve. The average
mismatch to experiment is 200–300 meV.

Besides TBM, we also compare shDFT-1/2 with another
efficient rectification method, based on DFT LDA and
proposed by Wang et al. [51,52] (details shown in Note
S7 within the Supplemental Material [56]). Both based
on the experimental superlattice information by Ongstad
et al. [53,54], the maximum absolute errors in shGGA-
1/2 and the method by Wang et al. are similar (8.6%
in the former and approximately 10% in the latter). The
major benefit of shGGA-1/2, of course, lies in that it
does not involve empirical parameters and is thus sup-
posed to fit a broader scope of materials. In addition,
we also benchmark shGGA-1/2 against a state-of-the-art
metaGGA functional, the strongly constrained and appro-
priately normed (SCAN) functional [55]. The model-α
structures of 7 ML InAs/0.7 ML InSb/7 ML GaSb as
well as 8 ML InAs/0.8 ML InSb/8 ML GaSb are selected.
Unfortunately, the SCAN calculation results do not open
a band gap for these T2SL models, which is inconsis-
tent with the experimental results. Detailed SCAN cal-
culations are given in Note S8 within the Supplemental
Material [56].

It deserves to also explore the situation where no param-
eter is permitted in the calculation, including the lattice
constant. Then the a/b lattice constant can be taken as
the optimized GaSb (serving as the substrate) lattice con-
stant, which is 6.128 Å. The band gaps calculated for
7/7 model α and model β are both 297 meV, which are
approximately 5.4% larger than the experimental value

(more details given in Note S5 within the Supplemen-
tal Material [56]). Hence, even fully ab initio calculation,
involving no experimental parameters, could render satis-
factory results, and the minor mismatch may be attributed
to the slight inaccuracy due to lattice-constant predic-
tion. And the computational load of shGGA-1/2 is kept
acceptable. The maximum supercell of this work involves
approximately 350 atoms, for which a self-consistent run
plus energy band-diagram calculation, all with spin-orbit
coupling, costs around 80 h on a 48-core computer.

The application of DFT has not been so popular in elec-
tronics compared with chemistry. Indeed, if nonempirical
DFT is not only more computational demanding, but also
with much worse band-gap prediction, then its ab initio
benefit with respect to tight binding is not so attractive.
Nevertheless, efficient band-gap correction methods like
shell DFT-1/2 are highly useful and we envisage that the
application of DFT can grow fast in the semiconductor
industry with the ever-increasing computational power. If
strongly correlated compounds are involved, such as 3d
transition metal oxides, then the shell DFT-1/2 correction
can be carried out based on a DFT + U ground state, which
is still much more efficient than hybrid functional or GW.

In conclusion, the self-energy corrected shell DFT-1/2
method is shown to yield accurate band structures for a
series of InAs/GaSb T2SLs, consistent with our optical
measurement results, demonstrating less than 5% mis-
match in the band gap. The miniband structures for the
superlattices are revealed. By fixing the GaSb layer thick-
ness, we demonstrate the trend of sharp band gap decrease
through increasing the InAs layer thickness. Also, by
equaling the number of layers (x) for InAs and GaSb, the
superlattice band gap goes down when x increases, and
the rate of gap decay is much faster at large x values. The
shell DFT-1/2 method together with the PBEsol functional
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is promising for ab initio material design for T2SLs, at a
GGA-level computational load.
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