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Modeling of type-II InAs ÕGaSb superlattices using an empirical tight-binding method
and interface engineering

Yajun Wei* and Manijeh Razeghi†

Center for Quantum Devices, Department of Electrical and Computer Engineering, Northwestern University,
Evanston, Illinois 60208, USA
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We report the most recent work on the modeling of type-II InAs/GaSb superlattices using the empirical tight
binding method in ansp3s* basis. After taking into account the antimony segregation in the InAs layers, the
modeling accuracy of the band gap has been improved. Our calculations agree with our experimental results
within a certain growth uncertainty. In addition, we introduce the concept of GaxIn12x type interface engineer-
ing in order to reduce the lattice mismatch between the superlattice and the GaSb~001! substrate to improve
the overall superlattice material quality.
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INTRODUCTION

The type-II band alignment of the heterojunctions in b
tween InAs and GaSb was first put forth by Halaski a
Esaki in the 1970s.1 Since then, high quality materia
growths have not been demonstrated until recent years,
tially due to the growth difficulties encountered at the high
strained interfaces (;7% mismatch!. The quantum wells or
superlattices formed by these heterojunctions are of sig
cant potential for a wide range of applications ranging fro
detectors2–5 to lasers6,7 and modulators,8 etc.

Important aspects of the type-II InAs/GaSb superlatt
have been previously modeled usingk•p, pseudopotential
bond orbital, and tight-binding methods, etc. Theab initio
calculations of the electronic structures have not been p
tical till now. Therefore empirical methods have becom
widely used. However, because the fitting parameters
highly dependent on the material quality, there has not b
a universal rule that can be used consistently to explain
experimental results for superlattices grown at different c
ditions. In this work, we took into account a parameter tha
of crucial importance during the growths: the antimony s
regation in the InAs layers. With the addition of this aspe
our model can be used to explain our experimental results
superlattices grown at different growth conditions, especia
the band gaps, within some growth uncertainties. With
aid of our modeling, we are also able to calculate the effe
of mixed interfaces and compare with experimental resu
Due to the limitation of our experimental investigation tec
niques, in most cases, the amount of antimony segrega
remains as a general fitting parameter to a series of grow
that were done using the same growth condition. It has b
reported that indium and arsenic segregation exit in the G
layers.9,10 However, these nonperfections are highly dep
dent on the details of the growth method used. We h
minimized their existence through years of material grow
improvements. However, because of the much lower a
mony vapor pressure at a growth temperature below 400
compare with that above 500 °C, the residual antimony s
plays an important role. The initial seeds of antimony bef
starting each InAs layer are significant for the material co
position of the InAs layers.
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EMPIRICAL TIGHT-BINDING METHOD WITH Sb
SEGREGATION

The empirical tight-binding method~ETBM! originates
from the early work of Slater and Koster in 1954.11 The
method was originally called linear combinations of atom
orbitals. The nonorthogonality of the atomic orbitals pose
difficulty in applying this method in an empirical frame
With the modification of the atomic orbitals to Lo¨wdin
orbitals,12 this problem was solved. However, we assum
that these orbitals still have the same symmetry as their
responding atomic orbitals. The basis orbitals in this wo
should be considered only to be the Lo¨wdin orbitals. As a
balance between the modeling accuracy and the calcula
load, we chose a basis ofsp3s* , with nearest neighbor in-
teractions, under a two-center approximation.13,14s* orbitals
were used to better describe the conduction bands. It ca
shown that a full superlattice Hamiltonian matrix cannot
block diagonalized into two equivalent parts once the sp
orbital interactions are considered.15 Therefore we used a ful
set of Löwdin orbitals with both spin-up and spin-dow
states in this work.

There has been significant amount of work in the the
of the ETBM for both bulk III-V materials and III-V super
lattices. Here we only briefly describe the formalism to ke
the integrity of this work.

Assuming the construction Lowdin orbital for the mater
is

wn
a~rW2RW 2tWn!,

wheren runs through all the atoms in a unit cell,tn are the
coordinate position vectors of the atoms in the cell,a runs
though all considered types of Lo¨wdin orbitals (s, px , py ,
pz , ands* ), andR represents the coordinate position vec
of the unit cell in the entire material we are considering.

The Bloch wave function of electrons for the entire m
terial is described by

CkW~rW !5(
RW SL

(
a

(
n51

N

exp@ ikW•~RW SL1tWn!#

3An
awn

a~rW2RW SL2tWn!,
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whereN is the total number of atoms in one unit cell,An
a are

constants, andRW SL runs through all the unit cells that ar
involved in the nearest neighbor interactions.

The band structure calculation problem now reduces to
eigenvalue problem forCkW(rW):

HCkW~rW !5ECkW~rW !,

where H is the Hamiltonian operator, andE is the energy
eigenvalue that is dependent onkW values in the first Brillouin
zone. A full description of the format for the superlattic
Hamiltonian matrix is in the Appendix.

In order to better model a real superlattice that is gro
with a specific technique and growth condition, we sho
identify important differences between a grown superlatt
and an ideal superlattice. First of all, since the band
prediction is one of the most important and fundamen
tasks for any type of superlattice modeling, we will foc
on this in the present work. We define an ideal type
superlattice to be @(AsIn)m-AsGax1In12x1-(SbGa)n-
SbGax2In12x2#N with a perfect crystal structure, where ea
atomic symbol represents a layer of the same kind of a
without any exotic materials, and the sequence of atom
exactly as it is written. Here we distinguish the interfa
compositions for later use. The particular atomic order
choose is only for our convenience in describing the form
ism we developed, in which we start with an anion atom.
a real superlattice, first of all, at each layer which an atom
symbol represents, it is no longer the same kind in gene
second, there are point defects, dislocations, etc.; third, t
is always a surface miscut; fourth, the superlattice might
be perfectly periodic; fifth, the presence of the dopa
would change the periodic potential. All these would ma
the assumption of an ideal superlattice no longer valid. Va
ing material parameters to accommodate these defective
pects of a real superlattice, such as band lineups at the i
faces, would not help to understand the physics behind
superlattice structures.

To model all the imperfections would be impractical
well. Fortunately, not all of these factors have the same ef
on the superlattice band gap. The periodicity is a factor t
can be improved with a sound practice of material grow
and we will not take into account the effects of the nonpe
odicity of an actually grown superlattice. The effects of s
face miscut will introduce an error bar of1/2 one mono-
layer for each layer of InAs or GaSb, which will broaden t
cutoff energy width. This is a factor that we are not cons
ering for our superlattices in this work, since the introduc
band gap error is much smaller than the band gap we
dealing with. The dislocation density can be decreased
nificantly by an optimization of the superlattice design w
less mismatch to the substrate, which will be covered in la
sections. For the point defects, there are vacancy defe
antisite defects, antimony for arsenic defects or vice ve
and dopant sites~in a general sense!. Vacancy and antisite
defects act as dopants, and are related to detailed gro
conditions. They do not affect the band gap~unless at a high
enough density that is comparable to that of the mater!,
but rather affect the Fermi energy level in the superlatti
08531
n

n
d
e
p
l

I

m
is

e
l-

c
l;
re
t

s
e
-

as-
er-
al

ct
at
,
-
-

-
d
re
g-

r
ts,
a,

th

l
.

The antimony for arsenic or arsenic for antimony substi
tion is a growth characteristic particular to type-II InAs/GaS
superlattices. We will focus on the former case in this wo
This refers to the antimony segregation in the InAs laye
Due to the different properties of arsenic and antimony, o
antimony segregation in the InAs layers is important.
mentioned earlier, we will not consider the indium and
senic segregations in the GaSb layers for our superlattic

The physical presence of the antimony segregation in
InAs layers has been reported using a scanning tunne
microscope.16 We will follow the same notation in this work
We used the same method for the Sb segregation profile

x~n!5xiR
n21~12R!1x0~12Rn!, n51,2,3,..., NInAs

where x(n) stands for the composition of Sb in thenth
InAs12x(n)Sbx(n) layer,xi stands for the initial seeds of Sb,R
represents the phenomenological segregation coefficienx0
is the Sb background incorporation ratio, andNInAs stands for
the number of InAs layers. A tablet description of the resu
ing superlattice compositions in one period is shown in Ta
I.

The superlattice Hamiltonian matrix is thus modified
reflect this layer dependent InAs composition using a co
position weighted arithmetic average of the material para
eters for InAs and InSb. For example, for the atomic sect
of ‘‘-InAs x(n)Sb12x(n)-GaSb-,’’ the self-interaction energ

TABLE I. Composition matrix for antimony segregated supe
lattice @(AsIn)m21-AsGax1In12x1-(SbGa)n-SbGax2In12x2#N within
one period.x(i) (i51,2,...,m) represents the amount of Sb segreg
tion. The superlattice energy terms are composition weighted a
metic average of the corresponding materials.
6-2
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MODELING OF TYPE-II InAs/GaSb SUPERLATTICES . . . PHYSICAL REVIEW B 69, 085316 ~2004!
for the Asx(n)Sb12x(n) layer would be $x(n)EInAs1@1
2x(n)#EInSb1x(n)EGaAs1@12x(n)#EGaSb%/2, etc. TheEi
( i 5InAs, etc.! represents the general form for the corr
sponding fitting parameters. Since there exists neither c
mon a anion nor cation between InAs and GaSb, it is imp
tant to single out the interface layers from the InAs and Ga
layers in the calculations. In order to model the real situati
a realistic model of the interface energy terms is essen
Since the superlattice layers, including the interfaces, are
der high stress and strain (;7%), Harrison’sd22 rule17 was
also applied to scale the interaction energies. For exampl
interface AsIn-As(1)-In(2)-Sb(3)Ga, As(1) self-interaction en-
ergy would be that in a bulk InAs, that for In(2) would be the
arithmetic average of InAs and InSb. For nearest neighb
the interaction energy between In(2) and Sb(3) would be that
of InSb under stress. For a mixed interface, as another
ample, AsIn-AsGa0.2In0.8-SbGa, the self-interaction energ
of Ga0.2In0.8 would be the arithmetic average of Ga0.2In0.8As
(0.2EGaAs10.8EInAs) and Ga0.2In0.8Sb (0.2EGaSb
10.8EInSb), etc. The arithmetic average scheme is adop
based on the additional characteristic of potential fields or
nating from different atomic sites.

The values of the ETBM parameters under thesp3s*
nearest neighbor approximation are shown in Table II. Th
parameters are fitted to the known bulk band structure
rameters of GaAs, InAs, GaSb, and InSb at 77 K. The b
gap, spin-orbit splitting energy, effective masses at cond
tion band minimum and for heavy holes along the 001 dir
tion, were fitted to the exact experimentally measu
values.18 Other band energies at high symmetry points w
fitted using a numerical least squares method. The mode
results have shown that this scheme is accurate enoug
predict the characteristics of the superlattices we grow.
band alignment energies between different compositio
materials were from Ref. 19.

We used this modified ETBM to calculate a series of
perlattices we have grown. Details of the material grow

TABLE II. The ETBM material parameters for GaAs, InAs
GaSb, and InSb at 77 K.

GaAs InAs GaSb InSb

Esa 29.2664 29.3562 26.0493 29.3378
Esc 24.3504 23.9611 24.0712 23.3248
Epa 11.4866 11.8201 10.91157 10.39352
Epc 13.2136 13.1842 12.6352 12.0791
Essa 18.7826 17.0432 17.8753 16.6378
Essc 15.8765 16.1232 14.8565 15.3807
Esasc 27.9480 26.5393 25.7762 25.8320
Esaxc 12.7777 14.3607 14.4761 14.1129
Exasc 110.005 17.0849 18.2748 17.5769
Essaxc 13.6271 13.0007 15.0079 13.4448
Exassc 17.0071 15.4020 16.3813 15.8873
Exaxc 12.3069 12.5491 11.8244 11.2596
Exayc 15.0305 15.4700 15.3733 14.0026
Da 10.420 10.420 10.973 0.973
Dc 10.174 10.393 10.174 0.393
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have been reported elsewhere.3–5We fixed the GaSb layers a
40 Å (;13 ML), and varied the thickness of the InAs laye
from 40 Å (;13 ML) up to 66 Å (;22 ML).20 InSb-only
interfaces were attempted for these superlattices. The ex
mental response spectrum of the superlattices is show
Fig. 1. Calculations were done using fitted parameters oxi
50.39, x050.012, andR50.67. These parameters we
manually fitted to get good visual satisfaction with a refe
ence to the values given in Ref. 16. Their accuracy is go
enough to describe the whole series of superlattices for
sign purposes. Since each of the three parameters has its
physical meaning, the fitted numbers represents actual ph
cal phenomena. A comparison of the calculated band gap
the experimental values is shown in Fig. 2. The calculation
in good agreement with the experimental data within cert
growth uncertainties. This indicates that the ETBM is a re
able method to guide the superlattice design after consi
ing the Sb segregation effects.

FIG. 1. ~Color online! Photoresponse spectrum of a series
superlattices grown under the same condition with a fixed G
layer thickness of 40 Å (;13 ML) at a temperature of 80 K. The
layer thickness of InAs changed from 40 Å (;13 ML) up to 66 Å
(;22 ML).

FIG. 2. ~Color online! Comparison of the calculated band ga
with the experimental data. The experimental data points scatt
closely round the calculated curve using a modified ETBM. T
cutoff wavelength for the superlattice with an InAs layer thickne
of 40 Å has been confirmed with newer growths using the sa
growth conditions.
6-3
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INTERFACE ENGINEERING

Although it is quite obvious that the properties of type
InAs/GaSb superlattices should be strongly dependent on
interface type, only InSb and GaAs types of interfaces h
been experimentally exploited before, and only SbxAs12x
(0,x,1) mixed interfaces have been theoretically inves
gated using the pseudopotential method.10 By calculation, we
found out that there is a certain limitation in applying on
InSb or GaAs interfaces. In order to have almost zero lat
mismatches~well below 1000 ppm!, there exist only a cer-
tain number of thickness combinations of InAs and GaSb~if
only InSb interfaces are used! or one has to use alternatin
m-GaAs interfaces (m>0) with n-InSb (n>0,mnÞ0) in-
terfaces. For the former case, it is only valid for cutoff wav

FIG. 3. ~Color online! An example of calculated map of cuto
wavelengths for the superlattice of@(AsIn)12-AsGax1In12x1-
(SbGa)11-SbGax2In12x2#N at liquid nitrogen temperature. Notic
that the two interfaces are not symmetrical. The cutoff wavelen
closely depends on the interface compositions.

FIG. 4. ~Color online! The calculated map of the lattice mis
match of the superlattice with the GaSb~001! substrate at room
temperature for the superlattice of@(AsIn)12-AsGax1In12x1-
(SbGa)11-SbGax2In12x2#N . It can be seen that the two interface
play an identical role in affecting the lattice mismatch.
08531
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lengths greater than;7 mm. Below this wavelength, there
does not exist any combination of InAs and GaSb layer nu
bers that can satisfy the zero lattice mismatch condition.
the latter case, since the interfaces are highly strained
stressed@;7% mismatch with GaSb~001! substrates#, the
superlattice may relax before growing the next type of int
face. For the theoretically investigated SbxAs12x interfaces,
it is not very practical to grow since the flux ratio of Sb an
As is not the composition ratio of Sb and As in the materi
In addition, this composition ratio is highly sensitive to th
growth temperature; thus it is difficult to have good repe
ability and reliability to implement this type of interface

h

FIG. 5. ~Color online! The calculated map of the cutoff wave
length for superlattice of @(AsIn)6-AsGax1In12x1-(SbGa)10-
SbGax2In12x2#N . The cutoff wavelength variation is between 3.6
and 4.20mm, corresponding to an energy variation of;40 meV.

FIG. 6. The three-dimensional view of the cutoff wavelength
@(AsIn)6-AsGax1In12x1-(SbGa)10-SbGax2In12x2#N . The maxi-
mum cutoff wavelength can be obtained whenx151 and x250.
The minimum cutoff wavelength can be obtained whenx1'0.5 and
x2'0.5.
6-4
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With these observations, we have investigated mixed in
faces of GaxIn12x type both theoretically using ETBM an
experimentally using an Intevac Mod Gen II Molecul
Beam Epitaxy system. A clear advantage of using GaxIn12x
type interfaces is that it is highly controllable and high
repeatable because of the nonvolatility of the Ga and In s
cies on the sample surface at a growth temperature clos
400 °C.

The calculation of the effects for this type of mixed inte
faces in the ETBM is straightforward with variation o
the interface compositions ofx1 and x2 . An example of a
cutoff wavelength calculation at liquid nitrogen temperatu
for the superlattice of@(AsIn)12-AsGax1In12x1-(SbGa)11-
SbGax2In12x2#N is shown in Fig. 3. This type of superlattic
has a cutoff wavelength around 8mm at liquid nitrogen tem-
perature. Interface No. 1~IF 1! is denoted using Gax1In12x1
and interface No. 2~IF 2! is denoted using Gax2In12x2 . The
calculated map of the cutoff wavelength reveals the nons
metry of IF 1 and IF 2. Only along the diagonal is th
superlattice tetragonal, otherwise orthorhombic. In or
to compare the calculation with the experimental valu
two superlattices were grown:@(AsIn)12-AsGa0.06In0.94-
(SbGa)11-SbGa0.06In0.94#N and @(AsIn)12-AsGa0.15In0.85-
(SbGa)11-SbGa0.15In0.85#N . In order to decrease the Sb se
regation effects, a lower Sb flux was used for these t
growths. Manually fitted segregation parameters ofxi
50.124,x050.01, andR50.67 were used in the calculation
Since pure GaAs interfaces will always lead to constrain
superlattices~negative mismatch in the growth directio
compared to the substrate! and pure InSb interfaces will al
ways lead to compressed superlattices~positive mismatch
cases!, there exist certain interface composition (x1 ,x2) sets
that will lead to almost zero mismatch. Figure 4 shows
calculated map of lattice mismatch with respect to the t

FIG. 7. ~Color online! The calculated map of the absolute valu
for the lattice mismatch in between the superlattice
@(AsIn)6-AsGax1In12x1-(SbGa)10-SbGax2In12x2#N and the GaSb
~001! substrate. Significant lattice mismatch would present wh
using binary interfaces. We can see that within a narrow stripe
region, a zero lattice mismatch can be obtained.
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interface compositions. It clearly shows that an almost z
mismatch can be achieved using InSb-only interfaces.

The thickness of the InAs layers needs to be decrease
order to obtain a cutoff wavelength below;7 mm. If InSb-
only interfaces were used, the lattice mismatch in the gro
direction between the superlattice and the GaSb~001! sub-
strate would become positive, i.e., the superlattice would
gin to have a larger average lattice constant. This make
possible to introduce Ga species into the interface layer
as to decrease the average lattice constant and balanc
strain in the superlattice. As an example for superlattice
@(AsIn)6-AsGax1In12x1-(SbGa)10-SbGax2In12x2#N , Fig. 5
shows the calculated map of cutoff wavelength usingxi
50.124,x050.01, andR50.67. Figure 6 shows the three
dimensional view of the map. The entire range forx1 andx2
~from 0 to 1! has been calculated. We see that the cu
wavelength can range from 3.68 to 4.20mm, which corre-
sponds to an energy variation of;40 meV. The calculated
map of mismatch~absolute values! is shown in Fig. 7, and
the three-dimensional view is shown in Fig. 8. We can s
clearly that there exists a zero mismatch composition li
With almost zero lattice mismatch, a superlattice of ve
high crystalline quality can be grown with a significant thic
ness in the micron range. Experimental work on the sup
lattice of @(AsIn)6-AsGa0.34In0.66-(SbGa)10-SbGa34In0.66#N
was reported in Ref. 21.

In conclusion, we have demonstrated that the ETBM i
reliable method to model the bandgap~or cutoff wavelength!
of type-II InAs/GaSb superlattices after taking into accou
the antimony segregation factor during the superlatt
growths. We also introduced the concept of GaxIn12x-type
interface engineering for a robust solution of the lattice m

f

n
e

FIG. 8. The three-dimensional view of the absolute values
the lattice mismatch in between the superlattice
@(AsIn)6-AsGax1In12x1-(SbGa)10-SbGax2In12x2#N and the GaSb
~001! substrate. We can clearly see the zero mismatch compos
line.
6-5



match problem in the midwavelength infrared range 3;7 mm, which helps to improve the overall material quality.
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APPENDIX: SUPERLATTICE HAMILTONIAN MATRIX

The values of the energy terms should be those for the corresponding atoms or adjacent atomic layers. The form
superlattice Hamiltonian is,

HSL53
Ha Hac 0 0 ¯ 0 Hca

1

Hac
1 Hc Hca 0 ¯ 0 0

0 Hca
1 Ha Hac 0 ¯ 0

0 0 Hac
1 Hc 0 ¯ 0

] ] 0 0 � 0 0

0 0 ] ] 0 Ha Hac

Hca 0 0 0 0 Hac
1 Hc

4 ,

Ha5F haa ha,so

ha,so
1 haa* G ,

haa53
Esa 0 0 0 0

0 Epa 2 i
Da

3
0 0

0 i
Da

3
Epa 0 0

0 0 0 Epa 0

0 0 0 0 Essa

4 ,

ha,so53
0 0 0 0 0

0 0 0
Da

3
0

0 0 0 2 i
Da

3
0

0 2
Da

3
i
Da

3
0 0

0 0 0 0 0

4 .

Similar forms forHc . ‘‘ * ’’ represents complex conjugate operation, and ‘‘1’’ represents Hermitian conjugate operation:

Hac5Fhac 0

0 hac
G , Hca5Fhca 0

0 hca
G ,
085316-6
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F 2) f 1 cosuzExasc 3 f 2 cosuz cosuxExayc 3 f 2 cosuz cosuyExayc f 1@Exaxc1~3 cos2 uz21!Exayc# 2) f 1 cosuzExassc

0 ) f 2 cosuxEssaxc ) f 2 cosuyEssaxc ) f 1 cosuzEssaxc 0

G
hca5b•F g1Esasc 2)g2 cosuxExasc )g2 cosuyExasc )g1 cosuzExasc 0

)g2 cosuxEsaxc g1@Exaxc1~3 cos2 ux21!Exayc# 23g1 cosux cosuyExayc 23g2 cosux cosuzExayc )g2 cosuxEssaxc

2)g2 cosuyEsaxc 23g1 cosuy cosuxExayc g1@Exaxc1~3 cos2 uy21!Exayc# 3g2 cosuy cosuzExayc 2)g2 cosuyEssaxc

2)g1 cosuzEsaxc 23g2 cosuz cosuxExayc 3g2 cosuz cosuyExayc g1@Exaxc1~3 cos2 uz21!Exayc# 2)g1 cosuzEssaxc

0 2)g2 cosuxExassc )g2 cosuyExassc )g1 cosuzExassc 0

G ,
as

M

tt.

n,

n

ys

m.

.
D.

f

gy

h

f 15
1

4
@exp~ ikW•tW1!1exp~ i kW•tW2!#,

f 25
1

4
@exp~ ikW•tW1!2exp~ ikW•tW2!#,

g15
1

4
@exp~2 ikW•tW3!1exp~2 ikW•tW4!#,

g25
1

4
@exp~2 ikW•tW3!2exp~2 ikW•tW4!#,

tW15
1

4
ai@11«xx ,11«yy ,11«zz#,

tW25
1

4
ai@212«xx ,212«yy ,11«zz#,
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