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Electrical design of InAs-Sb/GaSb superlattices for optical detectors using
full bandstructure sp3s* tight-binding method and Bloch boundary
conditions
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InAs-Sb/GaSb type-II strain compensated superlattices (SLS) are currently being used in mid-wave

and long-wave infrared photodetectors. The electronic bandstructure of InSb and GaSb shows very

strong anisotropy and non-parabolicity close to the C-point for the conduction band (CB) minimum

and the valence band (VB) maximum. Particularly around the energy range of 45–80 meV from

band-edge we observe strong non-parabolicity in the CB and light hole VB. The band-edge

dispersion determines the electrical properties of a material. When the bulk materials are combined

to form a superlattice we need a model of bandstructure which takes into account the full

bandstructure details of the constituents and also the strong interaction between the conduction band

of InAs and valence bands of GaSb. There can also be contact potentials near the interface between

two dissimilar superlattices which will not be captured unless a full bandstructure calculation is done.

In this study, we have done a calculation using second nearest neighbor tight binding model in order

to accurately reproduce the effective masses. The calculation of mini-band structure is done by

finding the wavefunctions within one SL period subject to Bloch boundary conditions

wðLÞ ¼ wð0ÞeikL. We demonstrate in this paper how a calculation of carrier concentration as a

function of the position of the Fermi level (EF) within bandgap(Eg) should be done in order to take

into account the full bandstructure of broken-bandgap material systems. This calculation is key for

determining electron transport particularly when we have an interface between two dissimilar

superlattices. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824365]

I. INTRODUCTION

The InAs-Sb/GaSb type-II SLS1 are being examined for

the realization of high-performance infrared detectors.2 They

offer a number of advantages over HgCdTe like large effec-

tive mass which reduces tunneling,1,3 reduction in auger

recombination process,4 Eg tunability and uniformity. The

performance of these detectors is directly related to the fun-

damental carrier transport physics. The electrical properties

of InAs-Sb/GaSb SLS are determined by the carrier distribu-

tion close to the band edges of the fundamental Eg.

In past type-II SLS have been analyzed5 using the em-

pirical tight binding method. In this study nearest neighbour

Hamiltonian with two-center approximation was used. A

good agreement of Eg between theory and experiment was

obtained but the dispersion over the entire Brillion zone was

not evaluated, they have only calculated Eg, i.e., bandstruc-

ture at k¼ 0 and other essential quantities for the electrical

design of the device like density of states (DOS) and carrier

concentrations with respect to position of EF in the Eg have

not been calculated. Electronic structure of this material sys-

tem has also been calculated using effective mass theory6

about the C-point. The effective mass approach will not take

into account the non-parabolic nature of the energy bands

near the band edges which is critically important to

determine the DOS with greater precision. The InAs-

InSb/GaSb systems are broken gap. Hence, there is interac-

tion between the CB of InAs and the VB’s of InSb/GaSb at a

very high value of the energy from the InAs valence band

edge, therefore, we need a model of bandstructure which

accounts for the details of bandstructure close to as well as

far from the bandedge, in other words, we need a full band-

structure model to capture all the interactions. The k � p
approach7 for bandstructure calculation of these systems is

also being used and we can take the non-parabolicity of the

bandstructure into account.8 But it still suffers from two

main drawbacks one is that with this method the non-

isotropic nature of energy bands about the energy axis near

the band edges cannot be taken into account, second the ba-

sis in k � p is not localized which makes a technique like

tight binding with localized basis where the wavefunction of

carriers is resolved to the extent of atomic spacing a better

choice since these SLS are grown epitaxially.

Empirical tight binding method since its beginning9 has

evolved10,11 and has been widely used to model III–V’s and

silicon.12–17 We have used the second nearest neighbour18

sp3s* empirical tight binding model(SNTB) with spin-orbit

coupling in this paper to model type-II SL without doing the

two centre approximation. The energy gaps both direct and

indirect, C and X valley effective masses are fit closely. In

this paper, we do a comprehensive analysis of the comple-

mentary barrier infrared detector(CBIRD) detector2 using

our bandstructure model with Bloch type of boundary
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conditions on the absorber and the electron barrier superlat-

tice. We obtain from our calculations the energy bandstruc-

ture, DOS, electron and hole wavefunction in a unit cell of a

broken gap superlattice and carrier concentrations. Accurate

knowledge of these quantities is essential for simulations of

electronic transport.

The CBIRD infrared detector uses type-II InAs/GaSb

SL for detection of the infrared radiation. Design of CBIRD

consists of 600 period absorber SL (44 Å,21Å) InAs,GaSb

sandwiched between an 80 period of hole barrier SL

(46 Å,12Å) InAs,AlSb and 60 period electron barrier SL

(22 Å,21Å) InAs,GaSb. Fig. 1 shows the electron/hole bar-

rier SL unit cells. The hole barrier SL and the electron bar-

rier SL are designed to have zero conduction and valence

subband offset with respect to the absorber SL. The materials

InAs, InSb, and GaSb belong to the category of 6.1 Å mate-

rial system and are nearly lattice matched. InAs has the

bandgap of 0.36 eV, GaSb has the bandgap of 0.78 eV and

the offset between the valence bands of two materials is

0.51 eV this leads to the type II or the broken gap alignment

which in turn results in the overall bandgap of the material

system to be useful for infrared detection and also tunable by

changing the ratio of the InAs to GaSb layers. In between

InAs and the GaSb layers in the absorber, a monolayer of

InSb is used for strain compensation. At present CBIRD

structures are being nominally doped2 and there is no clear

understanding of how EF will vary with doping in these

structures. In this paper, we will analyze the CBIRD so that

have a sound theoretical handle on the electrical design of

these structures.

Conceptually, a CBIRD detector could be made from

uniform semiconductor alloys, rather than SLS. But since

SLS can be grown with better control and reproducibility

than a uniform alloy they are grown epitaxially. The fabri-

cated devices appear to have more of an energy barrier than

is expected.19 We conjecture that this barrier may be due not

to the well-studied flat-band heterojunction alignment, but

due to a contact-potential induced band bending near the het-

erojunction. Such a contact potential is produced when the

equilibrium EF’s do not align in the flat-band condition and

should be removable by a judicious choice of doping den-

sities. But in order to choose a proper doping level, we need

to know the density of states distribution in the superlattice.

II. METHOD

A. Superlattice bandstructure

In the tight binding basis, we can model III–V com-

pounds by alternating sets of planar orbitals of anions and

cations along the direction of growth in 001-direction of a

thick SL. A layer is formed by two planar orbitals of anions

and cations and occupies a space of a/2 along 001 direction.

In the second nearest neighbor model, each atomic plane is

coupled to two previous and two next adjoining atomic

planes.

The SL bandstructure is computed by solving the fol-

lowing eigenvalue problem:

HSuperlatticewþ IEoff ¼ Ew; (1)

where E is the energy, w is the wavevector whose dimen-

sions are (20NSL)�1 where: NSL is the number of layers of

the superlattice. In each 20� 1 block if the first 10� 1 corre-

spond to the anion then first half 5� 1 correspond to one

spin and the other half to the other spin and similarly for the

cation. Eoff is the bandoffset. The band offset data, Eoff

given21 cannot be directly used directly since we need to

incorporate the effect of the spin orbit splitting which

changes the offsets in the model. The band offsets given in

Table I have been used using InAs as the reference at 0 eV.

The overall superlattice Hamiltonian is given by

HSuperlattice ¼

D1;1
Self S1;2

Next 0 0 0 … eikzLSn;1
Next

S1;2
Previous D2;2

Self S2;3
Next 0 0 … 0

0 S2;3
Previous D3;3

Self S3;4
Next 0 … 0

0 0 S3;4
Previous D4;4

Self S4;5
Next … 0

� � � . .
. . .

. . .
.

�

0 0 0 … Sn�2;n�1
Previous Dn�1;n�1

Self Sn�1;n
Next

e�ikzLS1;n
Previous 0 0 … 0 Sn;n�1

Previous Dn;n
Self

2
66666666666666664

3
77777777777777775

: (2)

DSelf corresponds to the intralayer coupling within the

same layer as well as interlayer couplings with adjoining

layers as well. SPrevious and SNext corresponding to the previ-

ous and next interlayer couplings, respectively. The dimen-

sion for each of SPrevious, DSelf and SNext matrices is 20� 20.

These matrices are constructed using the submatrices and

parameters provided by Boykin.18,20 On the top right corner

and the bottom left corners, we use SNexte
ikzL and

SPreviouse
�ikzL, L being the length of the superlattice. These

are the Bloch boundary conditions. The boundary conditions

capture the fact that the wavefunction is periodic wðLÞ
¼ wð0ÞeikL or the superlattice unit cell is repeated.
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Once the bandstructure is obtained by solving the eigen-

value problem. The fundamental Eg is found by finding the

energies at k¼ 0 and sorting them in ascending order and

finding the 2/5th element of the sorted data set which corre-

sponds to the top of VB edge.

The Eg can vary with temperature and the dependence

on temperature can be modeled by following empirical

dependance22

EgðTÞ ¼ Egð0Þ �
aT2

bþ T
; (3)

where experimentally determined23 values can be used for a

and b. The value of b¼ 270 K and a will vary23 with number

of layers of the constituents. There could be another source

of the change in bandstructure with temperature which is

that the effective masses could change with temperature. We

could not find the temperature dependence of the effective

masses in the literature. These variations in Eg as a function

of temperature will lead to a band edge shifting between two

dissimilar superlattices even if they are designed for no bar-

rier at a particular temperature. The band-offset can also

vary with temperature.

Using the superlattice Hamiltonian the oscillator

strength24 and momentum matrix element can be easily

determined. The momentum operator p can be found using

p ¼ m�kHðkÞ
�h

; (4)

this can be used to find the momentum matrix element pmn

between two bands at a particular k value by using:

pmn ¼ hmjpjni: (5)

And finally the oscillator strength fmn can be found as

fmn ¼
2jpmnj2

m�hxv
; (6)

where m is the electron mass and �hxv ¼ Emk � Enk, the E’s

being the band edges of mth and nth band at a particular k. A

detailed calculation of the optical properties of these struc-

tures will be done in another publication.

B. Density of states calculation

Next, we calculate E over a 2D mesh of k values, E Vs

(kx,kz). We are assuming that the superlattice is in z-direction

[001] and the (x,y) plane is perpendicular to the direction of

growth of the superlattice. The composition will vary in z
direction only and not in x or y direction. In order to compute

DOS, we do an axial approximation in the (kx, ky) plane in

the k-space, we assume that the energy will be same for the

circle with radius 2pkx. In order to calculate the DOS, we

transform the integral over wavevector(k) to energy(E). This

can be done by using the following relationship:8

ð1
EC

DðEÞdE$ 2

ð
d3k

ð2pÞ3
; (7)

where D(E) will represent the density of states in eV�1 nm�3.

Equation (7) is computed by taking the bandstructure over

mesh of (kx,kz) and finding the range of energy. The energy

axis is then divided in to a number of intervals and corre-

sponding to each point in a particular interval range in the

energy axis we count 2pkx (axial approximation) per point

and sum all the points in a particular interval. Once we have

done this over the energy range. We then divide the count by

dE and multiply the result by 2 dkxdkz

ð2pÞ3 , which gives us the

DOS.

Using this we can calculate the carrier concentration’s

with respect to EF position within the Eg. We can now use

these arrays to represent a superlattice as an effective mate-

rial for further transport simulation. Therefore, we have an

accurate mapping between the position of EF in the Eg and

doping concentration.

III. RESULTS AND ANALYSIS

A. Comparison between effective mass and tight-
binding bulk bandstructures and absorber/electron
barrier bandstructures

In Fig. 2, we have two sets of (InAs, GaSb) plots. We

are plotting the full bandstructure plots of these compounds

and the effective mass plots of the CB and VB’s of these

compounds. Once we overlay these plots we can see that the

effective mass approximation deviates from the full band-

structure. Also we can observe that there is interaction

between the conduction band of InAs and the valence bands

of GaSb. Therefore, we need a model which captures this

interaction mathematically in form of coupling between

these bands. The SNTB model captures this interaction. At

FIG. 1. The unit cells of the CBIRD absorber on the left and that of the elec-

tron barrier on the right. The grey area represents Eg in eV’s. The numbers

next to the compound names in square brackets are the number of layers.

The electron barrier has less number of InAs layers as compared to the

absorber which makes its Eg wider. The number of GaSb layers is same in

both absorber and the electron barrier SLS. Both SLS have an extra layer of

InSb in the middle which is there for strain compensation.

TABLE I. Band offset data, Eoff (eV).

Compound Band offset

GaSb 0.1700

InAs �0.0100

InSb 0.4130

AlSb 0.2700

GaAs �0.2172

AlAs 0.3000
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the energy range of 45–80 meV from bandedge we observe

strong non-parabolicity in the CB and light hole VB.

The band structures of the absorber and the electron bar-

rier are shown in Figs. 3 and 4. The Absorber Fig. 1 unit cell

has more number of the InAs layers than electron barrier

superlattice which leads it to have smaller bandgap. The

bandgap of absorber is 0.132 eV and that of electron barrier

is 0.3104 eV. The electronic bandstructures for these struc-

tures are calculated using the Hamiltonian provided in the

appendix.

B. Eg variation as a function of number of layers of
constituents

The dependence of the SL Eg as a function of the num-

ber of layers of InAs/GaSb layers is studied next Fig. 5; with

and without a monolayer of InSb. The extra Sb layer makes

a very significant difference in the Eg. We also observe that

the addition of GaSb layers will increase the Eg of the system

to begin with if we have 14 InAs layers but if we exceed a

certain number of InAs layers we find that the addition of the

GaSb layers will actually decrease the Eg of the overall sys-

tem, this is counterintuitive since the addition of a larger Eg

material should increase the Eg.

C. Electron and hole wavefunctions in a unit cell

We also looked at the electron and hole wavefunctions

in Fig. 6. In the superlattice with and without InSb. We

notice that the introduction of the InSb monolayer alters both

the electron and the hole wavefunction, there are two struc-

tures for which we have calculated the electron and hole

wavefunctions both have 22 layers. In the structure without

InSb mono-layer, there are 15 InAs layers and 7 GaSb layers.

In the structure with InSb mono-layer there are 14 InAs

layers 1 InSb layer and 7 GaSb layers. If we look at Fig. 1,

we can see that the conduction bands of InAs, InSb, and

GaSb form an electron well over InAs and the valence bands

form a well for holes over GaSb. In Fig. 6, we can see the

impact of the InSb layer on the wavefunctions. Hole

FIG. 2. The various sets of curves in the plot are: “a” refers to bandstructure

of GaSb obtained using effective mass model, “b” refers to bandstructure of

GaSb obtained using SNTB, “c” refers to bandstructure of InAs obtained

using effective mass model and “d” refers to bandstructure of InAs obtained

using SNTB. We can clearly see that the tight binding model and effective

mass model would give us very different results since at the values of energy

away from the bandedge the effective mass model diverges from the full

bandstructure model. Also we can clearly see that there is interaction

between the valence bands of GaSb and the conduction band of InAs which

can be captured by the SNTB.

FIG. 3. The Energy Vs Wavevector relationship of absorber SL. The

absorber SL has a fundamental Eg of 0.132 eV.

FIG. 5. Variation of the Eg with respect to the number of layers of InAs, the

subscripts in the legend are (InSb layer),(GaSb layers). By adding an extra

layer of InSb in the middle we see the overall Eg becomes smaller since the

InSb layer in the middle has smaller Eg than either InAs or GaSb. We also

see that increasing the InAs layers will reduce the Eg and increasing the

GaSb layers will increase the Eg but it is predicted by our model that as we

increase the number of InAs layers increasing the number of GaSb layers

say at 20 InAs layers will have opposite effect, which is that it will actually

decrease the bandgap.

FIG. 4. The Energy Vs Wavevector relationship of electron barrier SL. The

electron barrier SL has a fundamental Eg of 0.3104 eV and acts like a barrier

to electrons in the absorber.
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wavefunction drifts towards the center of the structure and

electron wavefunction is not impacted much only near the

center the electron wavefunction does not decay as rapidly

as it had decayed before when we did not have InSb mono-

layer. The net overlap between the wavefunctions has

increased. Intuitively this can be understood in terms of the

fact that electrons behave like marbles they tend to roll down

the bandstructure in real space and holes behave like bubbles

and they tend to move up in the bandstructure. When we

look at the bandstructure before we have added the InSb

layer we see that the electron and hole are in their respective

wells. After we add the extra InSb layer, we find that the

holes find a taller notch to get into and hence their wavefunc-

tion moves towards the center of the structure. The electrons

do not find anything like this instead the deepest the conduc-

tion band is still over InAs and since we added only a mono-

layer the impact on the electron wavefunction is not much.

D. DOS in absorber and electron barrier

Fig. 7 illustrates the comparison between the electron

and the hole barrier DOS. We can observe that the electron

barrier DOS is offset from the absorber DOS with respect to

the conduction band. This is expected because the barrier is

supposed to stop the flow of electrons and if there are no

propagating states corresponding to the Absorber conduction

band states in Electron barrier the electrons will be blocked

by the barrier. In case of the valence bands DOS overlap to a

much greater extent. The plots of the 3D-DOS are non para-

bolic with respect to the DOS axis. Since the bandstructure

is non-parabolic this is there in the DOS calculation as well.

The DOS is more complicated in the valence band than in

the conduction band because of the mini-band structure in

the valence band of the superlattice bandstructures.

E. EF position as a function of carrier concentration
(doping)

Finally, we plot the electron and hole concentrations in

the two SLS with respect to the position of the EF Figs. 8

and 9. As we move close to the VB edge the hole concentra-

tion increases and the electron concentration decreases, if we

move towards the CB edge the electron concentration

increases and hole concentration decreases which is

expected, since this information is obtained from a full band-

structure model of these materials these results are very

accurate. This information can be used further to draw band-

structures in real space and calculate the position of the EF

with respect to the band-edges in the absorber and the elec-

tron barrier knowing what the dopings are in the respective

regions. Once we know where the EF is in each of the

FIG. 6. The electron and hole wavefunctions within the unit cell of a superlat-

tice. The superscripts indicate 1(without) and 2(with) the InSb monolayer. There

first 15 layers are InAs and the last 7 layers are GaSb when the curves begin and

then the number of InAs layers is increased as depicted in x-axis of the plot.

FIG. 7. Density of states comparison between absorber SL and the electron

barrier SL.

FIG. 8. The EF position Vs electron/hole concentration of absorber SL. Dark

region is the fundamental Eg.

FIG. 9. The EF position Vs electron/hole concentration of electron barrier

SL. Dark region is the fundamental Eg.
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materials we can then draw the energy band diagram to find

out if there is a barrier between two SLS and how much do

we need to dope the various regions to optimize the electrical

design of the device.

IV. SUMMARY AND CONCLUSIONS

We have done a rigorous analysis of CBIRD detector

which consists of InAs-InSb/GaSb type-II SL layers. We

have used second nearest neighbour sp3s* tight binding

model to evaluate the bandstructure. The main results of our

analysis are: (i) The VB’s and CB of bulk constituents are

highly non-parabolic and anisotropic. At the energy range of

45–80 meV from bandedge, we observe strong non-

parabolicity in the CB and light hole VB of bulk materials at

the C point. If a model of bandstructure is used which does

not capture full bandstructure details of the bulk materials

the superlattice bandstructure obtained from such a model

will not be reliable. (ii) The bandstructure we have used to

model the superlattices fits the effective masses at the C and

X points in the Brillion zone. It is critical to have a good

effective mass fit in order to evaluate the DOS accurately.

(iii) An accurate calculation of DOS is done. (iv) We have

calculated the impact of the InSb monolayer on the electron

and hole distributions in the superlattice unit cell. The over-

lap of the wavefunctions determines the optical properties of

the detector. (v) We have calculated the variation of Eg with

layer thicknesses of the constituents. We observe that intro-

ducing the InSb monolayer (used for strain compensation)

lowers the Eg of the structure. (vi) A calculation of carrier

concentration or doping as a function of position of EF has

been done. This calculation can be used to represent the

InAs-InSb/GaSb type-II superlattice as an effective material

in further transport calculations.

Hence, we conclude that a full bandstructure represen-

tation of InAs-InSb/GaSb type-II SL is required to accu-

rately analyze carrier transport in the devices fabricated

using these SL.
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