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Hybrid functional calculation of electronic structure
of InAs/GaSb superlattice in (111) orientation
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Abstract ; Electronic structures and band structures of a series of InAs/GaSb superlattice in (111) orientation were
calculated by density functional theory ( DFT) method. Heyd-Scuseria-Ernzerhof ( HSE) hybridization coupled
with revised Perdew-Burke-Ernzerhof (PBE) approximation for solids and surfaces ( PBEsol) showed better con-
sistency with the experimental measurements than conventional DFT and several compared hybrid functionals. The
bandgap changes with periodic thickness and InAs/GaSb ratio of InAs/GaSb superlattice. The results are in good a-
greement with the former experimental researches. These results indicate the feasibility of HSE coupled with PBE-

sol method in prediction of the electronic properties of InAs/GaSb superlattice.
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Introduction

InAs/GaSb type-II superlattice structure has attrac-
ted extensive research interests after it was proposed by
Esaki et. al'''. Because the conduction band bottom of
InAs bulk is lower than the valence band top of GaSb
bulk, the bandgap of short-period InAs/GaSh type-II su-
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perlattice is determined by interfacial state and piezoelec-
tric polarization and can be continuously modulated by
thickness, composition and strain of InAs/GaSh layers.
Significant advantages, such as thinckness-dependent
bandgap, broad spectral response range (3 ~ 30 pm)
and low tunneling current make InAs/GaSh superlattice
be a promising candidate for the third generation photon
detectors'?'. In recent years, InAs/GaSh superlattice de-
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vices have been rapidly developed. Single-element detec-
tor®! | focal plane arrays'*', dual-color arrays"’', have
been fabricated. Though most InAs/GaSb supperlattice
were epitaxially grown along (100) or (110) direction,
the InAs/GaSh supperlattice grown along (111) direc-
tion with abrupt InAs/GaSb interface was found to per-
form better'®.

The broadening applications and increasingly com-
plex synthesis process of InAs/GaSh devices urge deep
and detailed understanding of the electronic properties of
InAs/GaSb superlattice structure. Several theoretical
methods have been applied to investigate the electronic
properties of superlattice structures, such as envelope-
function approximation (EFA)'"' | empirical tight-bind-
ing method ( ETBM)'®" and density functional theory
(DFT) "7, Among these methods, DFT methods get uni-
versal application and recognition because DFT methods
are independent of any empirical or experimental parame-
ters to predict material properties. In addition, it is more
convenient to take strain, doping into consideration by
applying DFT method.

However, the conventional DFT methods, such as
local-density approximation ( LDA) and generalized gra-
dient approximation ( GGA), systematically underesti-
mate the bandgaps of semiconductors, especially when
3d orbitals exist. For example, the bandgaps of InAs and
GaSb are predicted to be 0 by GGA methods. This failure
of bandgap prediction is ascribed to the approximation of
quasi-particle in average potential field and the strong
correlation effects between 3d electrons. To correct these
errors , a hybrid functional approach was built by hybridi-
zing the conventional DFT functionals with the exact Har-
tree-Fock exchange functional "'’

In this work, we provide the electronic structure and
band structure of InAs/GaSb type-Il superlattice of vari-
ous thickness in (111) orientation by hybrid functional
DFT calculations. These results were compared with for-
mer experimental and theoretical researches.

1 Methods

Standard periodic ( InAs),/( GaSb ), models in
(111) orientation of zinc blende structure with abrupt I-
nAs/GaSh interfaces was built, as shown in Fig. 1. m
(n) =1,2,3,6,9, 12 is the number of molecule lay-
ers (MLs) of InAs ( GaSb). InAs/GaSbh superlattice
structures with different period and InAs/GaSb ratio were
investigated by combined different m with n. In this
way, the variations of electric and band structure with
the period and InAs( GaSb) thicknesses were provided.
Because of the symmetry of (111) direction, the period
of the models should be integer multiples of 3. So in ca-
ses where m + n is indivisible by 3, models of three peri-
od (InAs),/(GaSbh), structures were built. Because of
the ultra-expensive computational consumption, only
models of less than 18 MLs were processed.

Several alternative hybrid functionals can be used to
calculate electronic structures, such as B3LYP ( Becke,
three-parameter, lLee-Yang-Parr) Lol pBEO M and
HSE06 ( Heyd-Scuseria-Ernzerhof ) ''*). B3LYP func-
tional is universally applicable to most of materials and

can provide acceptable results. PBEQ and HSEQ6mix

m

Fig. 1 Schematic diageram of (InAs),/(GaSb), superlattice a-

long (111) direction
Bl Wy (111) Ji1a A (InAs) ./ ( GaSb) , 8 g 2516 7 2 5]

Hartree-Fock exchange energy with the PBE ( Perdew-
Burke-Ernzerhof) '"! exchange energy. HSE functional
can be regarded as a high-efficiency version of PBEQ. So
we tested the accuracy of B3LYP and HSEO6 functional
in prediction of InAs and GaSb band structure and com-
pared the results with the results from experiments and
conventional PBE calculations. In addition, PBEsol'"’,
a revised version of PBE functional for solids, was also
calculated coupled with HSEQ6 hybrid functional.

All the DFT calculations are performed by the VI-
ENNA AB INITIO  SIMULATION  PACKAGE
(VASP) ! The electron — ion interaction was de-
scribed by the projector-augmented-wave ( PAW) 7
method with a plane-wave energy cutoff of 400 eV. The
Gaussian smearing method was applied to determine the
electronic occupation and the width of smearing was set
as 0.1 eV. The Brillouin zones of the models are sam-
pled by the Monkhorst - Pack grids of k-point. The k-
point mesh of 7 X7 x7 and 5 x5 x1 is found accurate e-
nough to InAs/GaSh unit cell and superlattice structure
calculations, respectively. All models have been fully re-
laxed by corresponding potentials before static calcula-
tion. In the relaxation calculations of these structures,
the convergence in energy and force is set as 10”eV and
107 eV/A | respectively.

2 Results and discussions

2.1 DFT methods comparison and hybrid function-
al selection

The bandgap results of solid InAs and GaSb by the
above methods ( PBE, HSE-PBE, HSE-PBEsol and
B3LYP) are shown in Table 1. And the band structure
results of solid InAs and GaSb by HSE06 coupled with
PBEsol (HSE-PBEsol) and conventional PBE are shown
in Fig. 2. As mentioned above, the conventional PBE
method failed to predict the bandgap of both InAs and
GaSb. Benefiting from the introduction of the exact ex-
change energy, all three hybrid functionals present the
narrow bandgap of both InAs and GaSb crystals. Com-
pared with HSE-PBE and B3LYP methods, HSE-PBEsol
method performs well for both solid InAs and GaSb. So
we applied HSE-PBEsol method in calculations of InAs/
GaSb superlattice structures.
2.2 Influence of periodic thickness on electronic
structure of InAs/GaSb superlattice

Periodic thickness is a key parameter in device de-
sign and engineering of InAs/GaSb superlattice detec-
tors. The periodic thickness of InAs/GaSb superlattice
has highly important influences on response range, abs-
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Table 1 Comparison of the calculated bandgaps of solid InAs

and GaSb by several DFT methods and the experi-

mental results ( experimental results are collected

from Ref. [18])

x1 AREBFEEZERGEFRT nAs 71 GaSb BT
ES X EX b (SRR 8 X Ek18])

Bandgap E,/eV

i

Material
Exp. [18) PBE HSE-PBE  HSE-PBEsol ~ B3LYP
InAs 0.42 0.00 0.36 0.45 0.43
GaSh 0.81 0.00 1.02 0.99 0.34
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Fig.2 Band structures of solid InAs and GaSb calculated
by PBE and HSE-PBEsol methods ( the calculated fermi
energy of InAs and GaSb are 2. 93 eV and 3. 68 eV, re-
spectively, in a comparison sense)

K12 PBE fll HSE-PBEsol J5 #1148 fr 4 InAs fil GaSb
rm R REAT 454 (T3P InAs A GaSb 11 9% K BE L 43 71
H2.93 eV.3.68 eV ZETHA M AR )

orption coefficient and dimension of the device. We cal-
culated a series of (InAs),/(GaSb), superlattice struc-
tures (n=1, 2,3, 6, 9) to investigate the influence of
periodic thickness on the electronic structure of InAs/
GaSb. The structures with the same thickness of InAs

and GaSb ML(s) were applied to directly reveal the in-
fluence of periodic thickness.

The bandgap changes with the periodic thickness of
the (InAs) ,/(GaSb), superlattice structures (n =1, 2,
3,6, 9) are shown in Fig. 3. The gradual decrease of
the bandgap with periodic thickness increase when n >3
conforms to former investigations''”). Moreover, the cut-
off wave length of (InAs)./( GaSb), and (InAs),/
(GaSh), is 4.33um and of 4. 83 um, respectively. The
results is in good consistency of the former reported
measurement of cut-off wave length of (InAs),/(GaSb),
superlattice (4.2 pm) " and of (InAs),,/(GaSbh) , su-
perlattice (5.6 wm) 2] These results indicate the ro-
bust performance of HSE-PBEsol method in InAs/GaSh
superlattice systems. As a rough estimation, we can ex-
trapolate the bandgap would vanish when the periodic
thickness increases to over 160A.

0.35
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Fig.3 Bandgap changes with the periodic thickness of the (I-
nAs) ,/(GaSb) , superlattice structures. (n=1,2,3,6,9)

K3 Bkt (InAs),/ (GaSb), 8 dbA% 45 4 J8 309 2 B AR £k 5
(n=1,2,3,6,9)

The sharp decrease of the bandgap with periodic
thickness decrease when n <3 is counter-intuitive. How-
ever, in view of that (InAs),/(GaSb), is very similar to
(GaAs),/(InSb), (the two symbols are identical in
(100 ) direction and slightly different in bonding in
(111) direction) , the perfect (GaAs),/(InSb), struc-
ture should display a bandgap smaller than InSb (0. 24
eV). This effect will rapidly be neutralized by the in-
crease of periodic thickness. This argument can be sup-
ported by distribution change of the valence band maxi-
mum ( VBM) and conduction band minimum ( CBM)
with the periodic thickness. As shown in Fig. 4, when n
>3, the (InAs),/(GaSb), supperlattices are typical
type-II superlattices with significant electron-hole separa-
tion. However, when n <3, the increase of electron den-
sity at the In-Sb interface and the increase of hole density
at the Ga-As interface can be observed. It means that
these superlattices with ultra-short period are not typical
type-II superlattices but some polarization dominated sys-
tems.

We supposed that the polarization in InAs/GaSh su-
perlattice also narrows the band gap. Because of the
asymmetric polarized (111) surfaces and the 0.7% mis-
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Fig.4 The VBM and CBM of a series of (InAs),/(GaSb),
superlattice structures. The blue regions represent the VBM,
and the yellow regions represent the CBM. The pink, smaller
green, larger green and brown balls represent In, As, Ga and
Sb atoms, respectively. (n=1,2,3,6,9)

K4 —F5(InAs),/(GaSb),, it it 4544 ) 47 T 5
A 3 A1 P b i 0 DA R A T, 3 (8 Xk
RS, B 8 BN R S 8 R AR (/N BR 733 7R I
As Ga . SbJi¥.(n=1,2,3,6,9)

match of InAs and GaSb, spontaneous polarization and
piezoelectric polarization both exist in the ( InAs), /
(GaSb), structures along (111) direction. The differ-
ence charge densities of a series of (InAs),/(GaSb),
superlattice structures (n =1, 2, 3, 6, 9) compared
with pure InAs or GaSbh structures of the same size were
present in Fig. 5 to show the polarization. Electrons
transfer from the Ga-As bond to the In-Sb bond. So the
electrons at the In-Sb bond occupy high states and narrow
the bandgaps of these superlattices. And no significant
distribution changes of the difference charge densities
with period variation were observed. Because that piezoe-
lectric polarization is linear to film thickness (if film is
not broken), we supposed the electron transition is
caused by spontaneous polarization. So influence of the
intrinsic polarization should recede with the periodic
thickness increase.

2.3 Influence of InAs/GaSb ratio on the bandgap
of InAs/GaSb superlattice

Besides the thickness, the InAs/GaSb ratio of the I-
nAs/GaSh superlattice, i. e. the asymmetric thickness of
InAs and GaSb layers is also a key parameter in detector
design. The response range can be precisely tuned by
adjusting InAs/GaSb ratio, especially in dual-color or
multi-color detectors in which superlattice thicknesses
should be carefully designed. We calculated the bandgap
of a series of (InAs),/(GaSb), superlattice structures to
investigate the bandgap change with the InAs or GaSb
thickness. Because of the compute capability limit, we
limited m, n to be multiples of three, and m +n <15 ex-

cept (InAs),/( GaSb),. The bandgap values of the

models are shown in Table 2.

Table 2 Bandgap values of (InAs),/( GaSb), superlattice

structures
*2 —%7%I(InAs),/(GaSb), ERIEEHHEER
. m/ML
E /eV
° 3 6 9 12
3 0.287 0.188 0.158 0.131
0.304 0.283 0.239
n/ML
0.319 0.298 0.257
12 0.334

Figure 6 shows the changes of bandgap and cut-off
wavelength of (InAs),/(GaSb), superlattice structures

with different thicknesses of GaSb. The thickness of InAs
was fixed to be 3/6/9 MLs. Broadening of band gap and
blue shift of cut-off wavelength with increase of the thick-
ness of GaSbh can be observed. This observation is similar
to former experimental and theoretic researches. So re-
ducing the GaSb layer thickness is a possible way to ad-
just the response range of InAs/GaSb superlattice de-
vices.

Fig.5 The difference charge densities of a series of (InAs),/
(GaSb) , superlattice structures. The yellow regions represent
the increase of charge densities, and the blue regions represent
the decrease of charge densities. The pink, smaller green, lar-
ger green and brown balls represent In, As, Ga and Sb atoms,
respectively. (n=1,2,3,6,9)

K5 —#51(InAs),/(GaSb), Hi ks 45 H 22 73 HL A 5 B
P b B 8 DA L ART I, €0 DX A r A ok 2,
& BN R R RIS (/N ER 73 53 %671 In As Ga, Sb
JF¥.(n=1,2,3,6,9)

Fig.6 Bandgap and cut-off wavelength changes of (I-
nAs),/(GaSb) , superlattice structures with different thick-
nesses of GaSb

K6 aFBR A LBk (InAs) ,/(GaSb) , # Sl s 4544
1 GaSh JZ 2 fL

Figure 7 reveals the changes of bandgap and cut-off
wavelength of (InAs), /(GaSb), superlattice structures
with different thicknesses of InAs. The thickness of GaAs
was fixed to be 3/6/9 MLs. Narrowing of the bandgap
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and red shift of cut-off wavelength with increase of thick-
ness of InAs can be observed. Noted that the changes of
bandgap and response wavelength with the thickness of I-
nAs are much more sharp than the changes with the
thickness of GaSb. It means that increasing the thickness
of InAs is a more efficient approach to increase the cut-
off wave length. In addition, the cut-off wavelength of
(InAs),/(GaSb), (4. 83 um) is in good consistency
with the experimental measurement of the cut-off wave-
length of (InAs),/(GaSh),, (4.6 pm)""”'. Taking the
blue shift caused by the increased thickness of GaSb into
consideration, we suppose the HSE-PBEsol method com-
bined with standard InAs/GaSh models shows very pres-
ent reliable predicition of bandgap properties of InAs/
GaSb superlattice systems.

Fig.7 Bandgap and cut-off wavelength changes of (I-
nAs),/(GaSb), superlattice structures with different thick-
nesses of InAs

K7 BRI IR B EE (InAs) ,/ (GaSb) , AR 4514
i InAs JZJR AR

m

In direct-gap semiconductors, absorption coefficient
is inversely proportional to the film thickness. So achie-
ving the target cut-off wavelength in minimum periodic
thickness is an important design principle of InAs/GaSbh
superlattice detectors. The cut-off wavelength can be ad-
justed by changing the InAs/GaSh ratio in InAs/GaSb
superlattice of a certain periodic thickness. The varia-
tions of bandgap and cut-off wavelength of InAs/GaSh
superlattice with equal periodic thickness while different
thicknesses of InAs are shown in Fig. 8. A series of I-
nAs/GaSh superlattice of 12/15 ML thick with InAs
thickness changing from 3 ML to 12 ML were present.
The results indicate that the range of cut-off wavelength
from 4pm tolOwm can be achieved in InAs/GaSh super-
lattice of 15 ML thick.

3 Conclusion

Electronic structures and band structures of a series
of InAs/GaSh superlattice were calculated by DFT meth-
od. Hybrid functional methods were applied in DFT cal-
culations and compared with conventional DFT results.
We found that HSE methods coupled with PBEsol ex-
change-correlation potential shows more consistency with
the experimental measurements than conventional PBE,

HSE-PBE and B3LYP methods. The bandgap variations

Fig.8 Bandgap and cut-off wavelength changes of InAs/
GaSb superlattice structures with equal periodic thickness
and different thicknesses of InAs

8 45 JH IR B InAs/GaSb # &K% 25k vy B R
IEPEICBE InAs JE A2 (LA

with periodic thickness and InAs/GaSb ratio of InAs/
GaSb superlattice structures were investigated. The re-
sults in good agreement with the former theoretical and
experimental researches indicate the feasibility of HSE-
PBEsol method to guide the design of InAs/GaSh super-

lattice devices.
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