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We present bandgap data for various InAs/GaSb type-II superlattice structures calculated using the general-
ized Kohn-Sham formulation of density functional theory. A PBEO-type hybrid functional was used, and the
portion of the exact exchange was tuned to fit the bandgaps of the binary compounds InAs and GaSb with the
best agreement to bulk experimental values obtained with 18% of the exact exchange. The heterostructures
considered in this study are 6 monolayer (ML) InAs / 6ML GaSb, 8ML InAs / 8ML GaSb and 10ML InAs /
10ML GaSb with deviations from the experimental bandgaps ranging from 3% to 11%.

InAs/GaSb type-II strained layer superlattices (SLS)
have attracted considerable research interest for use as
mid-and long-wavelength infrared photodetectors.! The
absorption wavelength of these superlattices can be tuned
between 3um and 32pm, depending on the thicknesses of
the constituent InAs and GaSb layers.? * InAs/GaSb SLS
also exhibit comparable quantum efficiency and lower
Auger current than bulk HgCdTe detectors of compa-
rable bandgap.> " Superior performance of InAs/GaSb
SLS photodetectors has been expected based on theo-
retical arguments, but is yet to be observed experimen-
tally. The reason this theoretical potential has not been
achieved is that current InAs/GaSb SLS devices display
a high level of dark current, which is associated with
shorter carrier lifetimes. The high rate of carrier recom-
bination in InAs/GaSb devices is generally attributed to
unidentified defects present in the devices.®

The exact mechanism for the defect induced recombi-
nation is currently unknown, however, it is expected to
involve transitions to a defect energy level near the mid-
dle of the small bandgap of the SLS structures. Experi-
ments suggest that the performance limiting defects are
associated with gallium as gallium-free (InAs/InAsSb)
SLS structures exhibit longer carrier lifetimes.%!9 High-
Resolution Transmission Electron Microscopy images of
InAs/GaSb SLS structures depict what appear to be iso-
lated In and As atoms in the GaSb layers and, con-
versely, Ga and Sb atoms in the InAs layers.!! Accurate
defect level calculations are needed to determine whether
isoelectric substitutions account for the recombination
mechanism or whether some other type of defect (e.g.,
anti-sites or interstitials) are responsible.

First-principles calculations of point defects and im-
purities in semiconductors, insulators, and metals have
become an integral part of materials research over the
last few decades.!?'* One of the more popular meth-
ods of calculating defect levels uses Kohn-Sham Den-
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sity Functional Theory (DFT).!5 Calculations are typ-
ically performed in a supercell that contains a defect sur-
rounded by bulk material, and periodic boundary con-
ditions are applied at the supercell boundaries. The re-
sults are then processed to remove interactions between
the periodically repeated cells.!6 2% Charges are added or
removed from the computational cell in order to create
defect charge states, and the energy differences between
different charge states can be used to calculate the defect
levels, which are the values of the Fermi level at which the
defect charge state changes. The presence and position of
defect levels within the band gap of the host material has
a dramatic effect on the rate of carrier recombination in-
duced by the defect. When applied with reasonable care,
this approach has a good record of predicting defect lev-
els that agree with experimental measurements to within
a few tenths of an electron volt.2! 26

Despite this record of success for defects in a variety
of semiconductors, conventional DFT functionals, based
on the local density and generalized gradient approxi-
mations (LDA and GGA), give vanishing band gaps for
InAs, GaSbh?8, and, as we report in this work, InAs/GaSb
superlattices and thus cannot be expected to give accu-
rate results for defect levels in these materials. Although
the use of finite supercells can effectively increase the
range of defect levels that can be obtained with DFT
beyond the Kohn-Sham band gap??, charge will almost
certainly be lost from the defect to the delocalized band
edge states when the Kohn-Sham gap is zero. In contrast,
hybrid functionals, e.g., PBE0O, B3LYP, and HSEO06, have
been shown to give more accurate band gaps for bulk
semiconductors, including narrow band gap semiconduc-
tors such as InAs and GaSbh.293! Accurate calculations
for the band gaps of InAs/GaSb SLS, where the super-
lattice minibands are only separated by a few tenths of
an eV, can be expected to be even more challenging. In
addition to bulk band gaps, accurate calculations of SLS
band gaps require an accurate treatment of a number
of other properties of the constituent materials such as
band masses and band offsets. The k - p theory has
been successfully used to calculate accurate band gaps
for InAs/GaSb SLS.3273° However, the k - p theory is
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a continuum theory that lacks a representation for spe-
cific atoms, and therefore, there is no straightforward ap-
proach to predict the properties of point defects for which
the local atomistic structure differs significantly from the
host crystal. Thus, an accurate first principles approach
to calculating the properties of SLS structures would be
invaluable.

In this letter, we investigate the accuracy of
InAs/GaSb superlattice bandgap calculations using hy-
brid DFT functionals. We will first report the technical
parameters used in the bulk and superlattice DFT calcu-
lations performed for this study. We then will discuss our
band-gap and lattice constant results for bulk InAs and
GaSb and our procedure for optimizing the mixing factor
used in our PBEO-like functional. Next, we will describe
our procedure for performing hybrid superlattice calcula-
tions, which will be followed by our calculated results for
the band gaps of three InAs/GaSb SLS and discussion of
these results.

FIG. 1. Ball-and-stick model of the type of structure used
in our DFT calculations for InAs / GaSb SLS made using
VESTA software.®® The SLS shown below is a 4 ML InAs /
4 ML GaSb SLS where the top half is InAs and the bottom
half is GaSb. In order from dark to light, the balls represent
the atoms: In, Ga, As, Sb.
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Our hybrid DFT calculations were performed using the
open-source Socorro DFT package.?” A plane wave ba-
sis with a 40 Rydberg cutoff was used to represent the
valence Kohn Sham orbitals, and norm conserving pseu-
dopotentials (NCPs) were used to represent the effect of
the nuclei and atomic cores on the valence electrons. The
NCPs were constructed for the PBE exchange-correlation
functional using the fhi98PP3%39 code with three elec-
trons treated as valence (ns®> and np') for Ga (n = 4)
and In (n = 5), and five electrons treated as valence (ns?
and np?) for As (n = 4) and Sb (n = 5). The In pseu-
dopotential used in our calculations was obtained from
the Abinit website.*® Monkhorst-Pack*' k-point meshes

shifted to include the I" point were used to sample the
Brillouin zone with a 8x8x8 mesh used for bulk unit cells
and a 4x4x1 mesh used for the SLS structures. Occu-
pations of the Kohn Sham orbitals were calculated using
a Fermi distribution with T" = 79K. The atomic po-
sitions of the superlattice structures were relaxed until
the total energies no longer changed at the 1 meV level.
The integrable singularity occurring in the Fock exchange
for periodic systems was calculated using the method of
Spencer and Alavi.4?

TABLE I. Calculated DFT results vs. experimental lattice
constant (Lo) and Band Gap (FEp).*?

Material PBE|PBE18%|Exp.
InAs Lo (A) [6.18 |6.17 6.06
GaSb Ly (A) [6.21 [6.15 6.10
InAs Eq (eV) |——0.39 0.35
GaSb Ey (eV)|—[0.69 0.73

Table I compares the lattice constants and bandgaps
for InAs and GaSb calculated using the PBE functional
and an optimized hybrid functional (to be described be-
low) with experimental results. PBE predicts InAs and
GaSbh to be metallic due to the collapse of the band gap in
a small region near the I" point of the Brillouin zone, and
thus we did not include these results in Table I. The hy-
brid functional used in this study was a modified version
of PBE0.**#% This functional is constructed by the mix-
ing of a fraction « of the Fock exchange with a fraction
1 — a of the PBE exchange. The exchange-correlation
energy E,. can then be expressed in this simple form:

Eye=aE, + (1 —a)EPBE 4 EPBE (1)

where E, is the Fock exchange, EI'B¥ is the PBE ex-
change, and EFB¥ is the PBE correlation. In standard
PBEQ, the mixing coefficient « is taken to be 25%. How-
ever, the band gaps of narrow band gaps semiconductors
such as InAs and GaSb are significantly too large when
this value is used.*® Due to the difficulty in accurately de-
termining the very small separations between minibands,
we optimized the PBE hybrid mixing factor to fit the
bandgaps of InAs and GaSb and found that the mixing
factor o = 0.18 splits the error in the band gap between
InAs and GaSb with InAs being 0.04 eV too large and
GaSb being 0.04 €V too small (see Table I).

The InAs / GaSb superlattices were represented in our
DFT calculations by atomistic structures similar to the
ball-and-stick model of a 4 ML InAs / 4 ML GaSb SLS
shown in Fig.1. The fundamental unit cell of the SLS
in Fig. 1 is periodically repeated to show the bonding
pattern. The number of layers of each material was ad-
justed to give 6 ML InAs / 6 ML GaSb, 8 ML InAs / 8
ML GaSb, and 10 ML InAs / 10 ML GaAs SLS structures
in our calculations. For efficiency, we included one atom
in each layer of the SLS in our DFT calculations, and
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Brillouin zone sampling was used to capture the effects of
the periodically repeated structure. Due to the computa-
tional expense of the hybrid functional, we optimized the
atomic positions and growth-direction lattice constant,
L., of the superlattices using the semi-local PBE func-
tional. The lattice constants perpendicular to the growth
direction L, and L, were fixed at the lattice constant of
the substrate. For this purpose, the PBE lattice constant
of InAs obtained from our bulk calculations was used.
This is consistent with our relaxation of the atomic po-
sitions using the PBE functional. The PBE total energy
of the relaxed superlattice was obtained for a range of L,
values, and least-squares fitting to a quadratic function
was used to find the L, value that minimized the energy.
L, was then fixed at this value, and the atomic positions
were relaxed using PBE once more. We then used our
optimized hybrid functional to calculate the band gaps of
the SLS structures with the lattice constants and atomic
positions fixed at these values.

TABLE II. Band gap results obtained for 6 monolayer (ML)
InAs /6 ML GaSb, 8 ML InAs / 8 ML GaSb and 10 ML
InAs / 10 ML GaSb using PBEO with a 18% mixing factor.
Calculated results are compared to experimental values for 6
ML InAs / 6 ML GaSb*", 8 ML InAs / 8 ML GaSb*® and 10
MLInAs/10 MLGaSb.*°

Material Calc. Ey (eV)|Exp. Ey (eV)|Error|% Error
6InAs/6GaSb  [0.37 0.36 0.01 |2.8
8InAs/8GaSb  |0.30 0.27 0.03 |11.1
10InAs/10GaSh|0.25 0.23 0.02 |8.7

FIG. 2. Band gap results obtained for 6 ML InAs / 6 ML
GaSb, 8 ML InAs / 8 ML GaSb and 10 ML InAs / 10 ML
GaSb using PBEO with a 18% mixing factor. Calculated re-
sults are compared to experimental values for 6 ML InAs / 6
ML GaSb*", 8 ML InAs / 8 ML GaSbh*® and 10 ML InAs /
10 ML GaSb.*?
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The bandgaps obtained using this procedure, as well
as experimental values, are reported in Table IT and Fig.

2. Our calculated bandgaps for InAs/GaSb superlattices
are within 30 meV of values obtained from experiment.
Due to the small band gaps of InAs/GaSb SLS, these ab-
solute errors correspond to relative errors of 4-9% . These
errors are smaller than those commonly obtained for bulk
III-V compounds using the best off-the-shelf hybrid func-
tionals, which shows the value of our optimization of the
functional in calculations for these ultra narrow band gap
systems.

Our study shows that DFT can be used to predict
bandgap in quantum well heterostructures with good pre-
cision. This indicates that defect charge states will not
be corrupted by an unphysical loss of charge to the ex-
tended, band edge states. As mentioned above, this re-
sult also requires that the hybrid calculations are getting
a number of properties of InAs and GaSb correct in ad-
dition to the band gaps. This suggests that defects will
interact with the superlattice structure in a realistic fash-
ion and that the behavior of defect in these structures will
be accurately reproduced.

This work was performed, in part, at the Center for
Integrated Nanotechnologies, an Office of Science User
Facility operated for the U.S. Department of Energy
(DOE) Office of Science. Sandia National Laboratories
is a multi-program laboratory managed and operated by
Sandia Corporation, a wholly owned subsidiary of Lock-
heed Martin Corporation, for the U.S. Department of
Energy’s National Nuclear Security Administration un-
der contract DE-AC04-94AL85000.
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