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We present an optical spectroscopy analysis of the molecular beam epitaxy-grown InAs/GaSb quantum
systems to study the higher-order optical transitions in InAs/GaSb superlattices (SLs). We have investigated two
type-II SL structures with different layer widths: InAs8ML/GaSb8ML and InAs10ML/GaSb10ML. To experimentally
determine the spectral distribution of the higher-order transitions, the Fourier-transformed photoluminescence
and Fourier-transformed photomodulated reflectance measurements were used. These measurements were un-
dertaken vs temperature and incident polarization of the probing beam. Complementary theoretical calculations
based on the eight k · p formalism were also performed to identify the electron and heavy and light hole energy
band ladder. Polarization-dependent measurements indicated the interchanging nature of the light and heavy
hole states for the second and third valence band vs the SL wave vector (kz) along the growth direction. The
results were compared with other calculations based on different models and existing experimental results, then
summarized and reviewed for possible numerical parameters application ranges in the interface modeling.
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I. INTRODUCTION

The midinfrared spectral range is utilized heavily in a
number of important optical gas sensing applications [1],
including industrial, such as the detection of hydrocarbons
(e.g., methane [2], propane [3], acetylene [4], or formaldehyde
[5]), and medical, such as the analysis of exhaled air [6] in
the search for cancer markers [7]. Optical detection sensor
systems for such applications consist of an emitter, such as
a diode laser [8], quantum cascade laser [9], or interband
cascade laser [10], and a detector, preferably operating at
room temperature or cooled with only thermoelectric Peltier
coolers. One of the devices meeting these performance re-
quirements is a HgCdTe (MCT) detector, providing a spectral
range unreachable with an indium arsenide-based detector
(>3.5 μm).

A driving force of the detector market is to provide an
alternative system to MCT [11,12]. Antimonide type-II su-
perlattices (T2SLs), such as InAs/GaSb superlattices (SLs)
[13], are promising materials for both focal plane arrays and
single pixel photodiodes [14] in mid- and long-wavelength
infrared detection systems [15–17]. Advantages that make
an InAs/GaSb T2SL a good candidate for replacing MCT
are its relatively high macroscopic quantum efficiency, high
absorption coefficient [13,16,18], and flexibility in the Auger
recombination suppression [19].

Despite the successful development of T2SLs in recent
years [17,20], there is still room for research and potential
improvement since some of the physical aspects of the system
are not yet fully understood. In our case, some preliminary

*marcin.motyka@pwr.edu.pl

studies of the InAs/GaSb SL system were already performed,
but they were focused on midgap trap detection and their
influence on the dark current of the device [21]. Moreover,
different designs of T2SL-based detectors, so-called nBnN
and pBnN, were compared with a common p-i-n system. Dark
current density reduction in alternative designs was observed
in comparison with a p-i-n device, introducing a barrier archi-
tecture allowed for the suppression of the Shockley-Read-Hall
processes [22].

Experimental observations of the fundamental optical
transition in InAs/GaSb have been made throughout its de-
velopment, but assessments of higher-order quantum states
in this system were presented only in a small number of
publications. The authors were employing such methods as
absorbance spectroscopy [23–27], photoluminescence spec-
troscopy [24,28,29], polarization sensitive photocurrent spec-
troscopy [30], or photomodulated reflectance spectroscopy
[31]. As reliable as these results may be, they do not present
clear characteristics of higher-order optical transitions. Re-
sults in Refs. [23,24] exhibited a high sensitivity for valence
states, but they were limited to a certain range of GaSb thick-
nesses in the SL. The experiments presented in Refs. [25–28]
did not have sufficient sensitivity to obtain a clear mea-
surement of any higher-order valence states in the spectra.
In Ref. [30], the authors used a method that proved to be
useful for InAs14ML/GaSb7ML SL, but any features from
InAs10ML/GaSb10ML were too weak to be observed. In Ref.
[31], a photomodulated reflectance (PR) spectroscopy was
used for T2SL characterization, but it was focused on the
spin-orbit band measurements in the visible range. Based
on our analysis of these publications, we conclude that the
absorbance technique is not sensitive enough to perform
a meaningful study of the higher-order valence states for
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InAs/GaSb SLs of equal ratio of InAs to GaSb monolayers
(MLs) in the structure.

Numerical models of the InAs/GaSb SL structure were
historically achieved using various calculation methods [32].
Since that time, some notable attempts were published: the
empirical tight binding method [33,34], density functional
theory with local density approximation [35], atomic orbital
potential with general gradient approximation [36], nonequi-
librium Green’s function modeling [37], and two primary
approaches—based on the empirical pseudopotential method
[23,38–40] and the k · p theory [27,41–48].

SL systems that do not share any common atoms in their
structure (such as GaAs/InP or InAs/GaSb) usually exhibit
characteristic optical anisotropy which is connected to the in-
equivalence in the spatial arrangement of the chemical bonds
appearing at the interface of the materials [49]. This effect,
relating the optical properties to the polarization of the prop-
agating light, is known as microscopic interface asymmetry
(MIA), and it was proven both theoretically [50,51] and ex-
perimentally [51] for the InAs/GaSb system. To simulate this
effect and its influence on the band structure, one could take
a reduced symmetry approach (RSA) by modifying certain
elements of the Hamiltonian used for calculations [52–54].
Alternatively, one could take an interface layer approach
(ILA) and introduce thin layers of transition materials (InSb,
GaAs) into the structure that simulate the chemical bonds
from the structural point of view [41–55].

We present an extensive study of higher-order optical tran-
sitions with multiple experimental and theoretical approaches
to the task, which resulted in the development of an en-
ergy ladder of the electron and heavy and light hole states.
Polarization-dependent Fourier-transformed photomodulated
reflectance (FTPR) measurements, combined with the calcu-
lations, allowed us to confirm the theory of the interchanging
of the light and heavy nature of the valence states, as well as
identify the number of never observed higher-order states.

II. MATERIALS AND METHODS

The samples were grown in the Oxford VG-80 using
solid source molecular beam epitaxy. The details of the
growth are described in other publications [56]. The epitaxial
layers were grown on a Si-doped GaAs substrate. In this
paper, two samples of the InAs/GaSb SL with different num-
bers of MLs: InAs8ML/GaSb8ML (hereafter, sample A) and
InAs10ML/GaSb10ML (hereafter, sample B) were examined.
Both had a total thickness ∼2 μm and a p+-i-n+ architecture.
However, to study the optical properties of the absorber, the
top p-contact layer was removed using chemical etching.

A Bruker Vertex 80v spectrometer was used to measure
the Fourier-transformed photoluminescence (FTPL) spectra.
It operated in a step-scan mode, utilizing an external cham-
ber for measurements with an additional modulated pump
beam [57]. The PL was measured with a liquid-nitrogen
cooled InSb photodiode detector. The phase sensitive detec-
tion of the optical response was performed using a lock-in
amplifier. In addition to the PL, we measured FTPR spectra,
which combines the advantages of modulation spectroscopy
and Fourier-transform spectroscopy [58,59]. This FTPR spec-
troscopy has been proven sensitive to almost any optical

transition occurring in the structure, including those with
increased measurement difficulty. In both experiments, the
pump beam was a 640 nm semiconductor laser diode, me-
chanically chopped at a frequency of 275 Hz.

In this paper, we consider an InAs/GaSb SL grown along
the [001] direction. Assume that the InAs layer width is dInAs,
and the GaSb layer width is dGaSb. The periodicity of an
InAs/GaSb SL structure is then given by d = dInAs + dGaSb.
The growth direction is defined as the z axis, and the x and y
axes indicate [100] and [010], respectively. The energy disper-
sions and the corresponding wave functions of the InAs/GaSb
SL in the envelope function approximation are calculated by
solving the multiband Schrödinger equation:

Ĥ�n(k||, kz, r) = E�n(k||, kz, r), (1)

where Ĥ is the total eight-band Hamiltonian, � is the multi-
component wave function, and E the corresponding energy.
The SL wave function �n(k||, kz, r) can be expanded as a
linear combination of the basis states uν (r) and the envelope
function Fn(k||, kz, r) as follows:

�n(k||, kz, r) =
8∑

ν=1

eik|| ·ruν (r)Fn(k||, kz, r), (2)

where r is the in-plane position vector, k|| is defined as [kx, ky],
n(ν) is the subband (basis) index, kz is the SL wave vector
along the growth direction (z axis), uν (r) are the zone-center
basis states presented in Ref. [48], Fn(k||, kz, r) is the vth
component of the nth subband envelope function along the
z axis. In the eight-band k·p approach, Fn(k||, kz, r) may have
eight components. The total eight-band Hamiltonian is given
by

Ĥ = Ĥ8×8 + Ĥstrain + V (z), (3)

where Ĥ8×8 is the operator for the kinetic energy which was
described in the set of the basis states presented in Ref. [48].
Here, Ĥstrain describes the strain effect, and V (z) describes the
SL potential energy term. The explicit forms Ĥ8×8 and Ĥstrain

Hamiltonians are given in Ref. [48].
Additionally, we used two different models describing the

InAs/GaSb SL. In the RSA model, a Hamiltonian that de-
scribes the MIA effect is added [60]. Based on the theory
of invariants, the authors derived the microscopic interface
Hamiltonian, which in the forementioned set of basis states
can be written as

ĤRSA = HXY

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0 0 0 +i√
3

0 0 −
√

2
3

0 0 0 0 0 +i√
3

0 0

0 0 −i√
3

0 0 0 0 0

0 0 0 −i√
3

0 0
√

2
3 0

0 0 0 0 0
√

2
3 0 0

0 0 −
√

2
3 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(4)

where HXY is an adjustable parameter characterizing the
strength of the interface potential. There are two kinds of
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FIG. 1. Two simulated band profiles for InAs/GaSb superlattice
(SL). (a) The reduced symmetry approach (RSA) profile without
interface modification and (b) the interface layer approach (ILA)
profile.

interfaces in an InAs/GaSb SL: the BA interface GaSb-on-
InAs at one side which can be grown InSb-like and the AB
interface InAs-on-GaSb at the other side which can be grown
GaAs-like [51,61]. Two additional parameters HBA

XY and HAB
XY

characterize the strength of the InSb-like and GaAs-like inter-
face potentials.

The second method of introducing the interface influence
on the energy band, the ILA, is based on extending the poten-
tial profile by assuming additional InSb and GaAs interface
bonding layers. It effectively changes the SL potential energy
term.

To solve Eq. (1) numerically in real space, we use the finite
difference method, knowing that the wave vector along the
quantized direction is set to kz → −i∂/∂z. The material pa-
rameters for the 10 K temperature were taken from Ref. [62].
Knowing the calculated energies and InAs/GaSb SL energy
state wave functions, we can evaluate the overlap integral
for specific interband transitions, which provides the basic
knowledge about the proportional oscillator strength.

Two different band structure profiles were used for nu-
merical simulations corresponding to the two approaches for
incorporating MIA. Both were created to perform the task in
the framework of an eight-band k · p model, but they differed
in approaching the interface problem. The RSA had a clear
InAs/GaSb interface [Fig. 1(a)], while the ILA profile intro-
duces additional thin InSb and GaAs interface layers into the
structure [Fig. 1(b)]. After evaluating the numerical parame-
ters, the optimal thickness for the InSb and GaAs interface
bonding layers are equal to 0.6 nm, which is about 1 ML.

III. RESULTS

Figure 2 shows the measured FTPL signal temperature
dependence for sample B. The FTPL of sample A had a
similar temperature dependence, and only its 10 K spectrum
is shown in the inset. In both cases, we observed PL features
(marked by the blue arrow) associated with the fundamental

FIG. 2. Fourier-transformed photoluminescence (FTPL) signal
temperature dependence for sample B. In the inset, 10 K FTPL
spectrum for sample A.

transition between the first conduction and the first valence
states (v1-c1). Low-temperature spectra for sample B also
contain a weak PL feature (marked by the black arrow) which
is predicted to be connected to an intersubband transition be-
tween v3 and v1 states. The PL peak energies at 10 K are close
to the results calculated numerically. The 30 meV peak shift
between 10 K and room temperature is typically observed for
type-II band alignment systems [63]. The lack of the feature
related to v1-v3 transition in PL spectrum for sample A might
be due to lower signal-to-noise ratio of the photoluminescence
and due to quite close coincidence of its energy with a very
strong signal related to fundamental transition.

Figure 3 presents the measured FTPR spectra for
InAs/GaSb SLs at 10 K. Figure 3(a) shows the PR spectrum
of sample A and the closest fit (red) and marks four features
predicted to be related to absorption processes between con-
fined fundamental and excited states for either electron or hole
states. Figure 3(b) shows the measured spectrum (black) for
sample B and the closest fit (red).

The fitting procedure was applied for both samples and was
performed with the assumption of the PR line shape according
to the commonly used formula [64,65]:

�R

R
(E ) = Re

[
n∑

j=1

Cje
iθ j (E − Ej + i� j )

−mj

]
, (5)

where n is the number of optical transitions and independent
spectral functions used in the fitting procedure, Cj and θ j are
the amplitude and phase parameters, Ej and � j are the energy
and the broadening parameter of the transitions, respectively,
and mj is a parameter depending on the type of optical tran-
sition. The value of the mj parameter for PR is equal to 3,
accounting for the PR line shape for confined state transitions
[66].

The other fitting parameters are not discussed, as they are
not relevant for the purpose of the determination procedure
of the transition intensities vs polarization of incoming light.
Fitted curves are shown together with the moduli of the as-
sociated resonances (dashed blue lines) obtained according to
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FIG. 3. Measured Fourier-transformed photomodulated
reflectance (FTPR) spectra at 10 K (black curves) with optical
transitions indicated with arrows for (a) sample A and (b) sample
B with examples of the fit spectra (red). (b) includes the modulus
(dashed blue) for sample B.

Eq. (6):

�ρ(E ) = |C|
[(E − E0)2 + �2]

m/2 . (6)

According to the fitting results, Transition 1 corresponds
to the first heavy hole states at 270 meV in sample A and at
290 meV in sample B. These are consistent with the FTPL
observations at 10 K. Transitions 2–5 at higher energies are
associated with higher-order electron and light and heavy hole
states and are discussed further below.

To interpret Transitions 2–5, the temperature-dependent
FTPR spectra were measured. Figure 4 shows the temperature
dependence for sample B. For better clarification, transitions
expected to originate from light and heavy hole valence bands
are indicated with red and blue color, respectively.

All the energy shifts are inversely proportional to the sam-
ple temperature, which is an expected behavior related to
increasing lattice constants and the corresponding InAs and
GaSb band gap reduction.

Furthermore, all transition energies change with a similar
rate; therefore, we conclude that all features are connected
with interband transitions and none of them with intersubband
transitions. Intersubband transitions, those that occur within
electron or hole subbands, are expected to be nearly tempera-
ture independent [67].

Figure 5(a) shows a calculated dispersion of the energies
for the electron (gray), the heavy hole (blue), and the light hole
(red) bands for the RSA model and rectangular band profile.
These calculated values were optimized, as described further

FIG. 4. Temperature-dependent Fourier-transformed photomod-
ulated reflectance (FTPR) spectra of sample B (black) with the
temperature trend of five transitions indicated with blue or red.

below, to provide the best agreement with the measurements.
The x axis of the figure should be understood as the number
of either InAs MLs or GaSb MLs in the single well structure,
as they are always equal in the material system discussed in
this paper.

The FTPL and FTPR transitions are observed at the � point
of the Brillouin zone, and they can correspond to either of the
van Hove singularities—a three-dimensional minimum of the
kz vector (kz = 0) or to a saddle point (kz = π/d) [68].

FIG. 5. (a) Calculated InAs/GaSb superlattice (SL) energy bands
and (b) optical transition energies (for 0 and π/d values of the SL
wave vector kZ ) from the reduced symmetry approach (RSA) model.
Vertical dashed lines indicate the samples studied in this paper.
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FIG. 6. Calculated energies of the confined bands along the su-
perlattice (SL) wave vector kZ for (a) sample A and (b) sample B.
Black lines denote the electron state. For the hole states, blue denotes
the heavy hole character, red denotes the light hole character, and the
gradient denotes their common contribution.

Therefore, our FTPR measurements only capture the optical
features occurring for the energy bands at these two boundary
values of kz.

The electron and light hole band broadening are significant
in comparison with the heavy hole band broadening due to
their small effective mass.

Figure 5(b) shows the calculated energies for optical tran-
sitions corresponding to the energy bands in Fig. 5(a). The
graph presents all transitions with significant overlap integral
between the wave functions of electrons and holes for kZ val-
ues of 0 and π/d . These transition energies can be compared
with the experimental results for samples A and B, and this
comparison is discussed below.

For a better understanding of the origin of the transitions,
calculated band structures for samples A and B are presented
in Figs. 6(a) and 6(b), respectively. A black line represents
electrons, while the blue and red colors denote heavy and light

TABLE II. FTPR transitions observed in the system with corre-
sponding notation.

Energy (eV) Valence nature kz value Notation

Sample A
Transition 1 0.292 Heavy hole 0 v1-c1(0)
Transition 2 0.412 Light hole 0 v2-c1(0)
Transition 3 0.567 Heavy hole 0 v3-c1 (0)
Transition 4 0.848 Heavy hole π/d v2-c1(π/d)

Sample B
Transition 1 0.267 Heavy hole 0 v1-c1(0)
Transition 2 0.399 Light hole 0 v2-c1(0)
Transition 3 0.564 Heavy hole 0 v3-c1 (0)
Transition 4 0.597 Heavy hole π/d v2-c1(π/d)
Transition 5 0.719 Heavy hole 0 v4-c1 (0)

hole characters of the bands. For the v2 and v3 bands, moving
across the kz values from 0 to π/d , there is an interesting gra-
dient between the red and blue colors indicating a transition in
their hole character. Specifically, at kz = 0, the v2 band has a
light hole nature, while v3 has a heavy hole nature, whereas
at kz = π/d , the v2 and v3 bands have heavy hole and light
hole natures, respectively. The v1 and v4 (predicted only for
sample B) bands have a constant heavy hole nature for all val-
ues of kz. This prediction of interchanging valence nature will
be discussed in more detail below, after the final verification
of the measurements with calculated transition energies from
numerical procedures. The additionally observed v4 band is
a result of the change in the confinement potential due to the
increased thickness of the layers in sample B. This increase
allows for an additional valence band to quantize inside the
wells.

The same material parameters (Table I) were used for
both the RSA and ILA approaches. Both approaches were
numerically optimized to provide the best agreement with the
measured transition energies observed at 10 K. A clear agree-
ment between theory and experiment allowed us to recognize
and identify the observed transitions which are presented in
Table II.

Results of the RSA calculations are shown in Figs. 7(a) and
7(b), while the results of the ILA are presented in Figs. 7(c)

TABLE I. Material parameters for the calculation.

Parameter or material Symbol (unit) InAs GaSb

Band gap Eg (eV) 0.410 0.811
Spin-orbit energy � (eV) 0.380 0.750
Interband matrix energy parameter EP (eV) 22.2 22.4
Electron effective mass me(mo) 0.023 0.042
Luttinger parameters γ1 19.67 11.40

γ2 8.37 4.03
γ3 9.29 5.26

Lattice constant a (nm) 0.6058 0.6082
Elastic stiffness constant C11(1011 dyn · cm−2) 8.329 8.842

C12(1011 dyn · cm−2) 4.526 4.026
Hydrostatic deformation potential Conduction band ac (eV) −5.08 −7.50

Valence band av (eV) −1.00 −0.80
Shear deformation potential for valence band b (eV) −1.80 −2.00
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FIG. 7. (a) and (c) The calculated transition energies and (b) and
(d) relative overlap integral for five optical transitions vs InAs and
GaSb thicknesses for the reduced symmetry approach [RSA; left
side, (a) and (b)] and interface layer approach [ILA; right side, (c)
and (d)]. Observed Fourier-transformed photomodulated reflectance
(FTPR) transition energies are denoted with the black points.

and 7(d). Note, in the ILA, we could not find reasonable
overlap integral for v3-c1(0) transition, and it is presented as
equal to zero.

An important advantage of the calculations performed in
this paper is the capability to optimize them with reference
to nine directly measured transition energies, especially the
v4-c1(0) connected with the third heavy hole band (observed
only for sample B). Some of the transitions at kz = π/d , such
as v1-c1(π/d ) and v3-c1(π/d ) are not considered due to their
negligible oscillator strength. All reasonable transitions have
their overlap integrals shown in Figs. 7(b) and 7(d).

These predictions and assignments were further evaluated
against a series of polarization-dependent FTPR measure-
ments. The FTPR experiment was modified to realize the
measurements vs polarization of the reflected light, as shown
in Fig. 8. A polarizing plate transmits only the reflected light
with a certain linear polarization, transverse magnetic (TM) or
transverse electric (TE). TM polarization denotes the oscilla-
tions in the growth direction and TE polarization the in-plane
direction. Choosing the polarization of the detected spectra
allows the sampling of the optical features visible only for
certain oscillation planes. It further restricts the selection rules
within the quantum confined systems. This type of experimen-
tal setup was successfully applied for polarization-dependent
FTPR study [69].

Figure 9 shows a set of the PR spectra at 10 K obtained
for different angles of the polarizing plate, and each angle
corresponds to a different proportion of the TE and TM po-
larization in the probing light. Transitions to the heavy hole
states are marked by the blue dashed line, and transitions to
the light hole states are marked by a red dashed line. We see
that v1-c1(0), the fundamental transition, is fairly polarization
independent, which is a result of its strong oscillator strength.
The remaining transitions seem to be very sensitive to changes
in the TE/TM ratio of the reflected probing light. Here, v2-c1

FIG. 8. Principle of the Fourier-transformed photomodulated re-
flectance (FTPR) experiment setup utilizing the KRS-5 wire-grid
polarizer.

is weakest at 0 ° polarizer position and strongest ∼90 °. In
contrast, v3-c1(0) and v2-c1(π/d ) are strongest at 0 ° and
weakest ∼90 °.

The disappearance of certain features with polarization is
possible due to a their much smaller oscillator strength in
comparison with the fundamental transition [see Figs. 7(b)
and 7(d)]. Changing the position of the polarizer effectively

FIG. 9. The photomodulated reflectance (PR) spectra measured
for different light polarization for (a) sample A and (b) sample B,
respectively.
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TABLE III. Comparison of the data obtained in this paper [experimental and theoretical according to Fig. 7(a)] with theoretical results
predicted in literature for InAs8ML/GaSb8ML (top) and InAs10ML/GaSb10ML (bottom).

Optical transition Our experimental Our theoretical Theoretical results (eV) from:

(initial state to final state) results (eV) results (eV) [41] [55] [51] [35] [52] [70] [30]

Sample A
v1-c1(0) 0.292 0.329 0.313 0.238 0.248 0.305 0.271 0.215
v2-c1(0) 0.412 0.380 0.412 0.378 0.397 0.460 0.363 0.391
v3-c1(0) 0.567 0.594 0.616 0.494 0.466 0.518 0.562 0.496
v2-c1 (π/d ) 0.848 0.826 – – 0.649 – – –

Sample B
v1-c1(0) 0.267 0.280 0.252 0.243
v2-c1(0) 0.399 0.346 0.363 0.351
v3-c1(0) 0.564 0.495 0.475 0.436
v2-c1 (π/d ) 0.597 0.620 – –
v4-c1(0) 0.719 0.706 – –

reduces the power of the reflected light below the sensitivity
limit of the experimental setup.

The same set of measurements was performed on sample
B. In this case, the fundamental transition v1-c1(0) is also
nearly polarization independent. Here, v2-c1(0), v3-c1(0),
and v2-c1(π/d) are visible only for certain polarizer positions
due to their low oscillator strength. The polarization depen-
dence of v2-c1(0) is contrary to v3-c1(0) and v2-c1(π/d).
Here, v4-c1(0) is evident at all polarizations.

IV. DISCUSSION

Our modeling predicted that bands v2 and v3 change
their light/heavy hole character between 0 and π/d values
of the SL wave vector. In sample A, transitions v2-c1(0)
and v2-c1(π/d) have the opposite polarization dependence,
despite originating from the same valence band. This supports
the interchanging nature of v2 from light hole at kz = 0 value
to heavy hole at kz = π/d . The sample B results are also
consistent with this prediction, but it is not as clear as sample
A. The sample B transitions v2-c1(π/d) and v3-c1 have sim-
ilar energies, in agreement with the calculations, leading their
reflection features to blend. Therefore, their polarization prop-
erties are not clearly distinguishable from one another. The
two blending features appear to have the same polarization
dependence and, therefore, a common heavy hole character.
This supports an interchange in the nature of v2.

We conclude that the gradient of valence nature (see Fig. 6)
of the v2 band between kz = 0 and π/d values was confirmed
experimentally. Analyzing the calculations in Fig. 6, one can
notice that the transitions related to the v3 band should also
exhibit a similar behavior to the v2 transitions. Specifically,
v3-c1(0) should have a heavy hole nature and v3-c1(π/d) a
light hole nature. The experimental measurement of v3-c1(0)
agrees with this prediction. The v3-c1(π/d) was not experi-
mentally observed, and the theory does predict it has a low
oscillator strength, so there is no polarization evidence related
to it.

Several different modeling methods have been previously
applied for band calculations of the InAs/GaSb SL material

system. In Table III, the values obtained during the experiment
have been compared with those predicted in previous studies.

Our numerical interface study of the system resulted in
the observation that the ILA model, with the 0.6 nm bonding
layer, is comparable with the RSA model, providing a simi-
lar energy ladder; however, the overlap integral for v3-c1(0)
does not seem accurate. Moreover, the value of the HBA

XY
parameter utilized within the RSA for the GaAs-like inter-
face contributes weaker to the overall energy ladder than the
HAB

XY of the InSb-like interface. That agrees with the data
presented in Refs. [51–53,70] regarding the mixed interface
SL systems. Our final numerical model, fitted to the experi-
mental data, assigns the values of HAB

XY and HBA
XY to 870 and

490 meV, respectively. These are consistent with Ref. [52].
However, in the literature, there is also a practice of zeroing
the HBA

XY parameter [52–54,70]. Following this approach, we
also achieved fairly good agreement using the values of HAB

XY
between 500 and 600 meV.

V. CONCLUSIONS

In this paper, FTPL and FTPR studies of two InAs/GaSb
SLs have been presented. A significant number of higher-
order transitions have been observed in the measured PR
spectra and analyzed vs temperature and probing light
polarization. These observations allowed for the optimization
of two numerical models (given in the eight k · p calculation
formalism) to get a full energy ladder picture for the studied
material structure.

Calculated valence band order at the boundary values of
the kz vector has been studied, and its light hole and heavy
hole relations have been experimentally proven. For the two
selected models, i.e., RSA and ILA, the numerical parameters
have been given.

Finally, parametric values used in previous literature de-
scribing different models have been checked and reviewed
in respect to our detected transitions and their not obvious
analysis, i.e., the HXY parameter utilized in the RSA model
of the interface, and the optimal thickness of a single interface
bonding layer for the ILA.
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