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The effect of interface anisotropy on the electronic structure of InAs/GaSbh type-II superlattices is exploited in the design of
thin-layer superlattices for mid-IR detection threshold. The design is based on a theoretical envelope function model that in-
corporates the change of anion and cation species across InAs/GaSbh interfaces, in particular, across the preferrved InSb inter-
face. The model predicts that a given threshold can be reached for a range of superlattice periods with InAs and GaSbh layers
as thin as a few monolayers. Although the oscillator strengths are predicted to be larger for thinner period superlattices, the
absomption coefficients are comparable because of the compensating effect of larger band widths. However, larger
intervalence band separations for thinner-period samples should lead to longer minority electron Auger lifetimes and higher
operating temperatures in p-type SLs. In addition, the hole masses for thinner-period samples are on the order the
free-electron mass rather than being effectively infinite for the wider period samples. Therefore, holes should also contribute
to photoresponse. A number of superlattices with periods ranging from 50.6 to 21.2 A for the 4 um detection threshold were
grown by molecular beam epitaxy based on the model design. Low temperature photoluminescence and photoresponse spec-
tra confirmed that the superlattice band gaps remained constant at 330 meV although the period changed by the factor of
2.5. Overall, the present study points to the importance of interfaces as a tool in the design and growth of thin superlattices
for mid-IR detectors for room temperature operation.
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1. Introduction currents [8,9]. In this paper, we show that the interface is
another design parameter that can be profitably exploited to

Beginning with their proposal by Smith and Mailhiot [1,2]  band gap engineer mid-IR, thin-layer SLs. Our model em-

InAs/InGaSb superlattices (SLs) have been exploited as de-
tectors and lasers operating in the short to very long infra-
red (IR) wavelength regions [3—5]. There is particular inter-
est in thermal imaging in the mid-IR detection range (3 to 5
pum) using binary/binary InAs/GaSb uncooled IR detectors
[6,7] for room temperature operation [8,9]. These systems
feature the type-II band alignment wherein the valence
band of GaSb is some 150 meV above the conduction band
of InAs [1,2]. By proper choice of layer widths, it is possi-
ble to tune not only the SL band gaps but also other key
features of the band structure in order to optimize optical
absorption or reduce Auger recombination and tunneling
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ploys the 8x8 envelope function approximation (EFA) that
has been modified to include interface effects [10].

An ideal interface in the NCA InAs/GaSb system con-
tains either InSb or GaAs bonds, compounds that are not
present in the SL proper. In III-V heterojunctions with
noncommon anions or cations grown in the [001] direction,
adjacent rows of atoms are at right angles to each other, so
that the true interface (IF) symmetry is C,, rather than
Cy4 [11]. The lowering of the symmetry causes heavy hole
(HH) and light hole (LH) bands to interact (repel), so that
the electronic structure of InAs/GaSb SLs becomes a
strong function of interface type as well as layer width
[10]. The EFA has successfully modelled IF effects using
short-range delta function potentials centered at the Ifs
[12-16]. The EFA has the physical appeal of being more
directly connected to the quantities being modelled and for
being more physically transparent [17-18]. The standard
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EFA extended to model IF anisotropy in NCA SLs has
been able to account for their giant absorption anisotropy
[11,19-22] and spin-relaxation behaviour.

The physical picture underlying the present interface
design is as follows [10]. With decreasing GaSb width, the
bottom of the conduction band and the top of the (HH) va-
lence band decrease in energy [10,23,24]. The lowering of
the top of the valence band is the consequence of the size
quantization of HH that are localized in GaSb. The conduc-
tion electrons are less affected by size quantization since
they are delocalized over the entire SL. As a result, as the
GaSb width decreases, the width of the conduction band
broadens while its centroid remains constant so that the
bottom of the conduction band decreases in energy as well.
However, the rate at which these band edges decrease in
energy depends on their interactions with other bands.
Without IF interactions, both band edges move at the same
rate so that the band gap remains constant. With IF interac-
tions included, the top of the valence band decreases at a
slower rate so that the overall band gap decreases [10]. In
order to maintain the same gap, the InAs width can be
made smaller in order to increase the size quantization of
electrons in the InAs layer (i.e., raise the conduction band
centroid). Therefore, it should be possible to design SLs for
a given threshold with thin GaSb and InAs layers. It is the
purpose of this work to demonstrate and validate these de-
signs and to explore their advantages.

This paper is organized as follows. Section II describes
the EFA model modified to account for NCA IF effects.
The model is then used to design mid-IR SLs for the 4 pm
detection range (310 meV). Section I1I describes the growth
of the proposed SL structures by molecular beam epitaxy
(MBE), their characterization by x-ray diffraction, atomic
force microscopy, photoluminescence, and photoresponse
measurements, and the comparison of model predictions
with experimental data. Conclusions are presented last.

2. Theory

2.1. Interface effects in the EFA theory

InAs/GaSb SLs are non-common-atom (NCA) systems
in which the identity of both anions and cations changes
across each interface [11]. Therefore, two types of inter-
faces are possible — GaAs-like and InSb-like — with the
latter being preferred for being smoother and leading to
better carrier mobilities and lifetimes. As a result, for
(001)-grown SLs, the [110] and [-110] directions are
nonequivalent, which reduces the symmetry of an inter-
face from D,, to C,, [11,19-22] In C,, symmetry there
is no symmetry operation that can turn an atom on one
side of the interface into an atom on the other side. This
reduction of symmetry introduces interactions not pres-
ent in common-atom systems; in particular, the hereto-
fore noninteracting HH and LH valence bands become
coupled and repel one another.
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The first experimental manifestations of interface ani-
sotropy was the observation of the giant in-plane optical
anisotropy of NCA group-III SLs. Krebs and Voisin [11]
explained this effect by the reduction of the assumed D,,
symmetry to the C,, symmetry. They modelled the effect in
the EFA via a short-range (delta) potential at SL IFs
[12,25], whose short range was subsequently proved rigor-
ously by Foreman [26] and Takhtamirov and Volkov [25].
The same theory was also used recently to calculate the
hole-spin relaxation times and absorption spectra in
InAs/GaSb SLs [27-30].

A closely related theory of Ivchenko-Kaminski-Rossler
[12] is based on the theory of invariants in which group
theory is used to posit the form of the additional interac-
tion due to IF anisotropy. The strength of the interaction is
an experimental fitting parameter, one each for the two in-
terface types. The additional term in the Hamiltonian has
the form

V = H yyay8(2)0, (1)

where Hyy is the strength of the IF potential, g is the lat-
tice constant, &(z) is the Dirac delta function, and O is an
8x8 matrix with nonzero entries for the bands that are cou-
pled by the interaction. For an IF with the C,, symmetry,
O has nonzero terms for the interaction of the HH and LH
bands as well as of the HH and spin-orbit (SO) bands. Ad-
ditional refinements introduced by Takhtamirov and
Volkov [25] extend the applicability of the theory to graded
interfaces.

When the IF interaction is used to set up the boundary
conditions, the symmetry lowering introduced by NCA IFs
contributes to the mismatch of the derivative of the enve-
lope function at the IF in addition to that already present in
the EFA due to the effective mass discontinuity at the IFs.
The size of the mismatch depends on the strength of the in-
teraction Hyy and the amplitude of the envelope functions
at the IFs. In the present calculation, the effect of the inter-
face potential is included exactly in the boundary condi-
tions, that is, nonperturbatively [10].

2.2. Model examples

The effect of the anisotropic IF interaction can be better ap-
preciated by considering a few limiting cases [10]. Con-
sider a hypothetical type-II alignment of two materials A
and B in which parabolic HH and LH bands are coupled by
the anisotropic interface potential only. The EFA
Hamiltonian for such a system is

n? d? .
_72m1_1 d? iTé(z) [FH(z)j _ E(FH (Z)J 2
R S L0/

2my, dz?

where the strength of the interaction T = H yy ao/ V3,
my; are the HH and LH masses, and Fy; are the corre-
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sponding envelope functions. This Hamiltonian has a
bound state solution with the energy [10]

T2
E:—iqlmLmH, (3)

a number on the order of several meV for the material pa-
rameters of GaSb and InAs and is independent of the sign
of T, but clearly depends on HH — LH coupling.

Next consider a quantum well in which size quan-
tization competes with IF localization. The situation can be
modelled with the simple Hamiltonian [10]

n* d?
- S 4V(z)  iT[8(z-b) - 8(z + b)]
2my dz?
n? d?
—iT[8(z=b) = 8(z+b)] —————+V(2) “)
2my d22
F
Fy Fr
where
V=10 HSh )
Pl Hso

V,, denotes the depth of the potential and 2b is the width of

the well. Solving the EFA Hamiltonian for this case gives

two separate conditions:

e for the coupled even parity HH-odd parity LH mani-
folds (for example, HH1 and LH2 states), for which

(kL COtkLb+KL)(kH tankHb—KH)

, (6)
+@T/0%)2 (mym;) =0
where
kH,L =1 ZmH’L E‘/}"—l2
and

KH,L = \/ZmH’L (VO - E)/hz .
Absent the coupling, the two parentheses separately
give conditions for the even parity HH and odd parity
LH states, respectively;

e for the coupled even parity LH — odd parity HH mani-
folds (for example, LH2 and HH1), one finds

(Ky +kpy cotkyb)(x, —k; tank;b)

(7
—@T/h%Y(mym;) =0

Absent the coupling, the two parentheses give condi-
tions for odd parity HH and even parity LH states, re-
spectively.

Figure 1 demonstrates the size of the effect. using real-
istic parameters for a hole in the GaSb layer surrounded on
both sides by InAs, well depth V; = 560 meV, my = 0.267
mo, m; = 0.050 my, and T = (625 meVA)z, where ¢ is
dimensionless. As a function of interface coupling strength
t, Fig. 1 display two ladders (HH and LH) of size quantized
states. In the limit of large ¢, the lowest HH and LH states
are bound at interfaces. State hybridization and level repul-
sion are evident. Similar effects are operative in SLs [10].
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Fig. 1. The energy levels for a 40 A quantum well with symmetric
interfaces as a function of the dimensionless interface coupling
constant [T = (625 meVA)t]. The well depth V) = 560 meV, my; =
0.267 my, and my = 0.050 my is appropriate for a GaSb well inside
InAs. Atz =0, the eigenstates can be labelled as heavy (HH) or light
(LH). LH1 and HH1 become bound for larger couplings.

2.3. Tests of the model on real samples

The present theory was tested on several sets of samples
grown in-house and elsewhere. The first in-house set con-
sisted of four SLs with GaSb widths from 18 to 27 A and a
constant InAs width of 20.5 A, all with InSb IFs
[10,31,32]. The value of Hyy = 580 meV, or ¢ = 5.66, was
found by fitting the gap of one of the samples and then was
used throughout, including the present paper [10]. The sec-
ond in-house set consisted of five SLs with InAs widths
from 16 to 23.5 A and a constant GaSb width of 24 A, all
with InSb IFs. Without additional fitting parameters, the
calculations were repeated for several long-wavelength
samples from Northwestern University: the 19 um sample
of Wei et al. [33] and the 32 pm sample of Wei et al. [34]
also with InSb IFs. Lastly, two sets of samples with mixed
interfaces from Ongstad et al. [23] and Kaspi ef al. [24]
were used with Hyy =580 meV for InSb-like IFs and a small
number for GaAs-like IFs that was found by fitting the gap
of their 6 ML/6 ML sample. The measured band gaps for all
these samples agreed very well with the results of the calcu-
lations with the effects of IFs included. Without these ef-
fects, the calculated results disagreed with data both quanti-
tatively and qualitatively [10].

2.4. Design of thin-layer mid-IR SL structures

In SL design, IF effects present both a problem and an op-
portunity. The problem is that real interfaces can be
interdiffused, alloyed, atomically segregated, graded, and
rough to a degree that can be difficult to quantify or repro-
duce in subsequent growths. As a result, such IFs can be
hard to model. However, IF effects represent another de-
gree of freedom in SL design. For example, the different
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lattice constants of the InSb and GaAs IF bonds have long
been exploited to design and grow strain-free InAs/GaSb
SLs [35]. Moreover, InSb-like IFs have been preferred for
yielding smoother interfaces with better carrier mobilities.

In this paper, we use IF effects to control the band gap
and other properties of the resulting SL. As an example,
Fig. 2 shows the band structure calculated with our modi-
fied 8x8 EFA model for one of the samples in the study, a
23.9 A GaSb/20.4 A InAs SL with both InSb IFs. The ma-
terial input parameters for the present calculation are the
same as in our previous study (Hyy = 580 meV or ¢ = 5.66)
[10]. The zero of energy is at the bottom of the conduction
band of unstrained InAs. The bands are labeled according
to their dominant character so that the top of the valence
band is predominantly HH while the lower bands are of a
mixed HH/LH character. The conduction band is predomi-
nantly C-like, but an admixture of LH and SO components
from the coupling terms in the k e p Hamiltonian leads to
the observed spin-splitting away from the zone centre; oth-
erwise, the C band is not directly coupled to other bands by
the IF terms.

800 T T : T T T T
= : [100] |
600 i C 7
= 400 Foo1] 23.9 A GaSb/20.4 A InAs
g i InSb IFs T
<200 | : HH 1
&D -
5]
=) 0 H
s [ { LH/HH 1
-200 /———Q
i HH/LH .

_400 1 1 ] L 1 1 1
24 16 8 0 8 16 24 32 40
Wave vector (xnt/24d)

Fig. 2. The calculated band structure of a thicker-period, 23.9 A

GaSb/20.4 A InAs SL with two InSb IFs along the growth [001]

and in-plane [100] directions The Brillouin zone in the growth

direction has the width 27/d, where d is the lattice period. The
valance bands have a mixed HH/LH character.

The band gap is 304.2 meV but, without IF effects, the
band gap would have been 391.5 meV. The proximate
cause of the smaller band gap is the level repulsion be-
tween the HH-like top of the valence band and the LH-like
bands below it. Along the [001]-axis, the bands are doubly
degenerate since the SL as a whole has the D,; symmetry
because the two IFs are the same. The lowered symmetry
of the SL manifests itself in the spin-split bands along the
[100]-axis and a number of avoided band crossings. The
electron effective mass is mf =0.0316 in the growth direc-
tion. The HH band is about 1 meV wide in the growth di-
rection so that m{lH is effectively infinite.

For comparison, the band structure of a thinner period
SL (9.9 A GaSb/11.4 A InAs with 2 InSb-like IFs) in Fig. 3
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Fig. 3. Same as Fig. 2 for a thinner-period SL — 9.9 A GaSb/11.4 A
InAs with two InSb-like IFs. The C band width in the growth
direction is considerably broader than for the wider-period SL, Fig.
2. Note that the vertical scale is greater than in Fig. 2 and that the
horizontal scale is inversely proportional to d.

differs from that in Fig. 2 in several respects. Most impor-
tantly, as the result thinner GaSb layer, the electron wave
function overlap between adjacent InAs layers is stronger
so that the conduction band width in the growth direction
increases from 251 meV to 888 meV. The electron effec-
tive mass is mf = 0.0304 in the growth direction. The HH
band width increases from 1 to 75 meV so that mﬂ{H =
0.678 is finite and on the order of the free electron mass,
which should lead to better transport by holes, thus better
gain. On the other hand, the joint density of states is
smaller, which will counteract the increase in oscillator
strength owing to greater wave function overlap (see the
discussion following Fig. 4). The band gap is 313.8 meV
but, without IF effects, it would have been 514.6 meV.

The spin-splitting in Fig. 3 is smaller than in Fig. 2 for
the wider period SL as the result of the delocalization of
hole wave functions over the entire SL. Lastly, in Figs. 2
and 3, the top two valence bands are separated by 65 and
109 meV, respectively. Therefore, for thinner-period SLs,
as the result of size quantization, the lower valence bands
are further removed from the top of the valence band. This
should act to discourage the Auger recombination of mi-
nority electrons in p-type SLs and lead to higher detector
operating temperatures [27,30].

Our strategy in the design of thin-layer mid-IR samples
is as follows. An initial design with thick layers is first
identified for some combination of InAs and GaSb layer
widths (for example, Fig. 2). Starting with this initial de-
sign, the GaSb width is decreased by one monolayer, which
leads to a smaller band gap since the conduction band de-
creases in energy faster than the top of the valence band. In
order to keep the band gap constant, the InAs layer is made
narrower to exploit electron size-quantization in the InAs
layer to push the conduction band higher. With a proper
choice of layer widths, the band gap can be kept constant as
the SL period is shortened.

Using this process, several SL structures with InSb-like
IFs were designed for the 4-um detection threshold, Table 1.
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Table 1. Design parameters and calculated properties of several InAs/GaSb SLs with InSb interfaces for the 4 micron

detection threshold. The GaSb and InAs layer widths already include the width of one InSb-like interface each. HH1 and

C1 refer to the top and bottom of the valence and conduction bands, respectively. A few lower-lying valence bands of

mixed LH/HH character are also listed. The zero of energy is at the bottom of the conduction band of unstrained InAs, and
the unstrained GaSb/InAs valence-conduction band offset is 150 meV.

GaSb width InAs width Period LH/HH HH1 Cl1 Band gap  Oscillator strength

A) (A) A) (meV) (meV) (meV) (meV) (Rydbergs)

28.4 21.9 50.3 77.22 131.59 438.14 306.55 0.457
-130.46

239 20.4 443 63.04 128.69 432.90 304.21 0.502
—-190.70

159 15.9 31.8 30.10 119.83 429.09 309.2 0.507

11.4 12.9 243 2.11 107.63 415.65 308.2 0.690

9.9 114 21.3 —6.84 102.81 416.58 313.77 0.723

6.9 9.9 16.8 —46.21 71.24 371.47 300.23 0.761

The table includes the positions of the HHI1, Cl1, and
LH-like levels at the zone centre as well as the gap and os-
cillator strengths. A separate examination of the wave func-
tion content reveals that for the top two samples, the first
LH-like level below HHI is evenly HH/LH mixed. For the
other, thinner, samples, that level is predominantly
LH-like. For narrower SLs, the third valence band moves
down considerably in energy. The most striking aspect of
the table is the prediction that the gap can remain constant
at 4 ym (300 meV) with decreasing SL period. For thinner
SLs, the wave functions become delocalized over the entire
SL so that the HH1-C1 wave function overlap increases
(spatially indirect intersubband transition) as does the cor-
responding oscillator strength (the last column of Table 1).
Using the design parameters from Table 1, the full band
structure and oscillator strengths were calculated and then
used to obtain the linear absorption coefficient, Fig. 4. The
absorption thresholds are at the band gap energies listed in
Table 1. Additional thresholds can be seen in the curves for
transitions from the lower valence band states to the con-
duction band. The absorption coefficients within 200 meV

10000 T T T T
—— 284 A GaSb/21.9 A InAs
= 8000  |----- 15.9 A GaSb/15.9 A InAs N
E — == 9.9 A GaSb/11.4 A InAs P
& 6000 - 2 1
D
o
Q
£ 4000 1
<
£
= 2000 1
0 —
250 300 350 400 450 500

Photon energy (meV)

Fig. 4. The calculated linear absorption coefficient for a few

representative samples from Table 1. The absorption threshold is at

the onset of transitions from the HH-like top of the valence band.

The second threshold at higher energies is the onset of transitions
from the mixed HH/LH valence band.
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of the threshold energy are nearly the same for all the de-
signs so that the increased oscillator strengths at threshold
for narrow periods, Table 1, are compensated by corre-
spondingly lower joint densities of states due to the broad-
ening of the valence band. The proposed SL structures in
Table 1 were grown and characterized as described next.

3. Growth, measurement, and comparison
with model

3.1. Experiments

The InAs/GaSb SL structures were grown by Gen-II mo-
lecular beam epitaxy (MBE) system on epi-ready (100)
p-type GaSb wafers using elemental metals for Ga and In
and valved cracker cells for Sb and As. The SL layers were
grown at the substrate temperature of 390 £10°C with the
V/III beam flux ratio of 3 for growing InAs and 2.5 for
growing GaSb [36]. Since most of the proposed designs are
relatively thin, the control of individual layer thicknesses
and interfaces in the formation of the intended structure is
critical for the mid-IR design study. In the present work,
the layer thicknesses of GaSb, InAs and InSb were con-
trolled by using the slow growth rates of 0.96, 0.27 and
0.33 A/s, respectively. By this method, the intended peri-
ods could be attained accurately to within the experimental
error of 0.3%. Although we cannot assess the degree of in-
terface intermixing, we kept the interface conditions con-
stant during all the growths in order to form consistent
InSb-like IFs between the layers. With InSb-like IF bonds,
the overall SL strain was reduced, although the degree of
strain varies with design. Grown samples were character-
ized by high-resolution x-ray rocking curve (HRXRD)
measurements to determine the SL periods and by high res-
olution transmission electron microscopy (HRTEM) to ex-
amine the quality of the grown structures. The band gaps of
the grown SLs were measured with a Fourier transform in-
frared (FTIR) spectrometer and by low temperature
photoluminescence.
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3.2. Results

In order to compare the parameters of the grown and in-
tended SL structures, the SL periods were determined by
HRXRD measurements. For the thirteen samples used in
this study, the measured periods were within 0.3% of the
intended periods. While SL periods can be accurately de-
termined with XRD, the individual layer thicknesses are
less well known; however, on the basis of growth calibra-
tions and HRTEM measurements, they are expected to be
close to the intended values.

Figure 5 is a high-resolution transmission electron mi-
croscope (HRTEM) image of the SL structure showing the
individual layers of InAs and GaSb, with well-defined IFs.
The position of the IFs is identified by observing the dis-
tinct shift in the bright and dark dots between the individ-
ual layers. Detailed examination of several such regions re-
vealed that the transition from one layer to another oc-
curred within 1-2 ML, thereby indicating both the high
quality and the uniformity of the IFs within the SL. This
further enabled an accurate measurement of the individual
layer-thicknesses, which was performed by counting the
number of monolayers between each IF.

The optical band gaps of the grown SL structures were
obtained from the peak positions in 5K PL and the
long-wavelength thresholds in FTIR photoresponse spectra.
The experimental data is shown together with model calcu-
lations in Fig. 6.

3.3. Comparison to measurement

The model predictions of the EFA theory are compared to
the measured PL peak energies and the long-wavelength
thresholds in FTIR photoresponse in Fig. 6, where for con-
venience the data are plotted versus SL period. The PL
peaks are clustered within a narrow band between 340 and
325 meV as the period changes from 50.6 to 21.2 A. The
predicted gaps cluster around 310 meV. The 15 to 30 meV
difference is smaller than the expected experimental errors

Fig. 5. A [010] cross-sectional HRTEM image of an InAs-GaSb

superlattice structure showing smooth and abrupt interfaces

between the individual layers. The intended individual layer

thicknesses for this structure were 20.5 A for InAs, and 24 A for
GaSb.
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Fig. 6. Comparison of the calculated band gaps from the modified

8x8 EFA model and the PL peak positions as measured by 5 K-

photoluminescence and the long-wavelength thresholds from FTIR

photoresponse measurements. The dashed line is at the 4-pm
threshold.

or accuracy of the theory. Overall, the predicted constancy
of the gap energies with decreasing SL period is well veri-
fied by the experimental data. In the future, we hope to ver-
ify the theoretical prediction regarding the improvement in
photoresponse and operating temperatures for thin-period
SLs and to investigate mixed GaAs-like/InSb-like inter-
faces as well as the effect of interdiffusion and segregation
at interfaces.

4. Conclusions

We used the newly developed 8x8 EFA model that incor-
porates anisotropic interfacial effects through the
Ivchenko-Kaminski-Rossler IF Hamiltonian to design sev-
eral short-period InAs/GaSb SL structures for the 4-um de-
tection threshold. The model predicts that is possible to
reach the 4-um for periods as small as several monolayers.
The model also predicts that for constant absorption thresh-
old, the SL absorption is independent of the period. How-
ever, thinner-period SLs have wider valence band widths
and larger intervalence band separations. The former
should improve hole effective masses and hole transport
while the latter should improve minority electron Auger
lifetimes in p-type SLs. These advantages should produce
higher photoresponse and detector operating temperatures.
The proposed structures were grown by MBE with
InSb-like interfaces with SL periods within 0.3% of the
nominal designs. The grown samples were characterized by
several techniques to ascertain their parameters and quality.
The band gap energies were measured by low-temperature
photoluminescence and FTIR photoresponse. In qualitative
and quantitative agreement with theory, the measured band
gaps were found to lie within a narrow band around 4 pm
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for SLs in the wide period range between 50.2 to 20.2 A.
Overall, the present work demonstrates the utility of inter-
face design as a tool in the band gap engineering of SLs for
IR applications.
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