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Ga-free InAs/InAsSb type-Il superlattices (T2SLs) are promising absorber materials for mid-wave and long-
wave infrared (MWIR and LWIR) photodetectors, yet quantitative modeling of their optically active bandgaps
and absorption remains challenging due to strain and quantum confinement effects. In this work, the
localization landscape (LL) theory is applied to efficiently predict effective bandgaps and optical absorption
in strained InAs/InAsSb superlattices without explicitly solving the Schrodinger eigenvalue problem. The LL
framework is coupled with strain-induced deformation potential theory to obtain effective quantum
confinement potentials, from which absorption coefficients are directly evaluated. The calculated
absorption spectra are quantitatively compared with absorption coefficients extracted from experimentally
measured responsivity of MWIR and LWIR photodetectors. Excellent agreement is obtained in absorption
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onset energies, with LL-predicted optically active bandgaps matching Schrodinger-based calculations
within an RMSE of 5.395 meV, and experimental cutoff energies within 5502 meV. These results
demonstrate that the LL framework serves as a computationally efficient and physically consistent
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alternative to eigenstate-based solvers for modeling disordered superlattice absorbers relevant to infrared
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|. Introduction

Reducing size, cost, weight, and power consumption is a
primary driver for modern infrared (IR) imaging development.
This objective is best addressed through high operating
temperature (HOT) photodetectors," which eliminate the
need for bulky cryogenic cooling. However, achieving reliable
HOT operation requires not only high crystalline quality but
also modeling approaches capable of capturing the complex
quantum and disorder effects inherent to nanoscale
heterostructures. Ga-free InAs/InAsSb type-II superlattices
(T2SLs) have recently attracted significant attention as an
alternative to HgCdTe and conventional InAs/GaSb systems
due to their long minority carrier lifetimes and high
tunability.®® By suppressing Ga-related native defects that act
as Shockley-Read-Hall (SRH) recombination centres,’ > these

“ Graduate Institute of Photonics and Optoelectronics and Department of Electrical
Engineering, National Taiwan University, Taipei 10617, Taiwan.

E-mail: yrwu@ntu.edu.tw

P VIGO Photonics S.A., 129/133 Poznariska Str., 05-850 O2aréw Mazowiecki, Poland
¢ Institute of Applied Physics, Military University of Technology, 2 Kaliskiego St.,
00-908 Warsaw, Poland

 Center for Quantum Science and Engineering, National Taiwan University, Taipei
10617, Taiwan

© 2026 The Author(s). Published by the Royal Society of Chemistry

structures enable improved performance in the MWIR
and LWIR spectral regimes."” In this work, we adopt the
localization landscape (LL) theory coupled with the
strain-induced deformation potentials as a unified and
physically grounded framework to describe carrier
confinement, effective bandgap, and optical absorption in
strained InAs/InAsSb T2SLs. The LL approach provides
effective quantum potentials for electrons and holes without
explicitly solving for eigenstates, naturally incorporating
disorder-induced localization and quantum confinement
effects."*™"” Within this framework, all effective bandgaps and
absorption coefficients discussed in this study are extracted
from the LL model. Selected Schrodinger-based eigenstate
calculations are additionally employed for validation
purposes, confirming the accuracy of the LL-based description
while highlighting its substantial computational efficiency.
Owing to its computational efficiency and physical
transparency, the LL framework is well-suited for modeling
optical absorption in InAs/InAsSb T2SLs while capturing
essential quantum confinement and localization effects. In
this study, the LL approach is employed to investigate the
absorption characteristic of MWIR and LWIR InAs/InAsSb
superlattice  (SL) photodetectors and compare with
experimental results in a wide spectrum range.
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Fig. 1 Schematic illustration of the InAs/InAsSb T2SLs absorber
structure investigated in this work. This thickness and composition are
listed in Table 1.

lI. Device structure and experimental
methods

The studied cases include representative experimentally
realized MWIR and LWIR SL absorbers with different layer
thicknesses and antimony compositions, designed to capture
the effects of strain, alloy disorder, and quantum
confinement, as schematically illustrated in Fig. 1. These
structures serve as realistic platforms for evaluating the
applicability of the LL framework under practical device
conditions. The key structural parameters of the MWIR and
LWIR SL absorbers investigated in this work are summarized
in Table 1. Here, ds; denotes the total thickness of the
superlattice absorber, A.ofr represents the cutoff wavelength
defined as the wavelength at which the responsivity decreases
to half of its maximum value, and dga.ss denotes the
thickness of the GaAs substrate.

The sample labels (L-z and M-z) indicate LWIR and MWIR
designs, respectively, where the index z corresponds to the
cutoff wavelength in micrometers rounded to one decimal
place. For example, the sample labeled L-16.6 corresponds to
a cutoff wavelength of 16.56 pm. The corresponding cutoff
wavelengths are summarized in Table 1.

In InAs/InAsSb T2SLs, the effective bandgap and cutoff
wavelength can be tuned by adjusting the SL period and the
Sb composition through strain-balanced design. Such band
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RSC Applied Interfaces

engineering is well established and forms the basis for MWIR
and LWIR device optimization.'®>°

Based on these design considerations, the investigated
structures were grown by molecular beam epitaxy (MBE)
using a RIBER Compact-21DZ system on semi-insulating
GaAs (001) substrates. GaAs substrates were selected due to
their lower cost, larger wafer availability, and mature growth
technology compared to GaSb substrates. Although GaSb
(001) substrates offer better lattice matching for antimonide-
based superlattices, a GaSb buffer layer combined with an
interfacial misfit (IMF) array was employed to accommodate
the lattice mismatch, which has been shown to effectively
mitigate the effects of lattice mismatch.*'

To manage the significant lattice mismatch of
approximately 7.8% between the GaAs substrate and the SL
layers, a GaSb buffer layer utilizing an interfacial misfit (IMF)
dislocation array was initially deposited. This IMF buffer
serves as a high-quality virtual substrate. The InAs/InAsSb
SLs were designed to be strain-balanced to the GaSb buffer.
The individual SL layer thicknesses and the composition
within the InAsSb layers were precisely engineered to ensure
that the overall net lattice constant of the SL remained
strain-balanced and closely matched to the underlying GaSb
buffer, maintaining high structural integrity throughout the
heterostructure was confirmed by the High-Resolution X-ray
Diffraction (HRXRD) measurements shown in Fig. 10 in the
Appendix section. Following the epitaxial growth, device
fabrication was carried out through a simple processing
sequence involving photoresist masking and the electrolytic
deposition of Au contacts to form lateral photoconductors.
For experimental characterization, the fabricated devices were
mounted on thermoelectric coolers, and their spectral
responsivity was measured using a spectrophotometer.

[1ll. Theoretical model and simulation
framework

For this research, we employed an in-house one-
dimensional drift-diffusion charge-control (1D-DDCC) solver
to model the band structure and optical absorption of the
strained InAs/InAsSb T2SL (Fig. 2). To analyze these
properties, a simulation framework combining strain
calculation, the Poisson and drift-diffusion equation, and

Table 1 Structural parameters and cutoff wavelengths of InAs/InAsSb T2SL samples, ordered by their cutoff wavelength within each spectral range.

Here, Leontact denotes the distance between the Au contacts

L-16.6 L-14.4 L-10.7 L-8.7 M-7 M-6
Linas (nm) 10.86 8.14 7.87 9.93 3.67 3.48
LInAsl sb, (nm) 3.41 2.58 2.47 3.97 1.30 1.26
Leontace (Nm) 2.43 2.36 1.97 1.72 2.77 3.09
Psb 0.42 0.44 0.38 0.30 0.35 0.335
Aeutote (WM) 16.56 14.44 10.66 8.71 6.98 5.98
T (K) 195 195 230 300 300 300
dgans (Mm) 1.1 1.1 1.1 1.1 0.5 0.5
dasp (1m) 0.95 0.94 0.98 0.68 1.98 1.87
ds; (um) 2.86 3.10 3.95 2.97 2.66 2.55

RSC Appl. Interfaces

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00119j

Open Access Article. Published on 27 May 2026. Downloaded on 6/17/2026 5:53:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

Set input parameter Measured R(%)

Strain solver l

Solve Poisson equation Convert to 1)7¢(2)

Solve the LL model

Optical model
(thickness + reflection)
Calculate absorption coefficient | experimental absorption coefficient

Comparison of theoretical and experimental absorption coefficients

Solve drift-diffusion equations

Converge

Fig. 2 Schematic illustration of the theoretical and experimental
workflows used to extract and compare absorption coefficients. The
left branch represents the simulation workflow of the coupled strain,
Poisson, LL, drift-diffusion model, while the right branch shows the
extraction procedure from measured responsivity.

the LL approach is adopted. Within this framework, strain
effects on the electronic structure are described using
deformation potential theory, as given in eqn (1),

HY = D¢ 1)
iJ
Here, o and p denote band indices corresponding to
different electronic bands, and H, represents the strain-
induced perturbation to the Hamiltonian. The coefficients
Dg‘ﬁ are the deformation potential constants associated with
the strain tensor &;.

AE, = ac(gxx + Eyy + gzz)’ (2)
b

AEyhh = @y ('Sxx + &y + gzz) + 2 (53(3( + &y~ 2822)7 (3)
b

AEy1h = ay (exx + &y + &22) = 2 (8xx + &y — 2652), (4)

where a. and a, are the conduction band and valence band
deformation  potential under hydrostatic  pressure,
respectively. b is the shear deformation potential. E. and E,
are the conduction band and valence band potential before
strain. £\, n, and Ey, 1, are the valence band potentials of heavy
hole and light hole after strain, respectively, where the two
bands are split.

The electrostatic potential ¢ is determined from the
Poisson equation in eqn (5), which describes the potential
distribution arising from the local carrier and ionized dopant
densities

V-(&:V) = g(n — p + Nx ~ Np), ()
where n and p are the electron and hole densities, and
N. and Nj, denote the ionized acceptor and donor

densities, respectively. Here, ¢, is the dielectric permittivity
of the material. Once the ¢ is obtained, E. and E, are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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parallel to —g¢. The band offset issue will be treated in
the program.

To calculate the effective bandgap in SL, the k-p model or
single band Schrodinger solver is used to solve the eigenvalue
and eigen wavefunctions. In ref. 22, Filoche et al. propose the
LL model, and they proved that instead of solving the
eigenvalues of Hy = Ey, the LL model solves Hu = 1. And 1/u
can be denoted as effective quantum potentials. Details of
the LL model can be found in ref. 15-17, 23 and 24. Hence,
we can obtain the effective quantum potential by solving

(—h?zv(migv) + (Be + AEC))ue =1, (6)
(§V<mif§hv) - (B, + AEu,hh)>uhh =1, (7)
(%ZV(mif’flv) - (Ey + AEUAlh)>ulh =1, (8)

where 7 is the reduced Planck constant, m#, mjy,, and mj}, are
the electron, heavy hole, and light hole effective masses,
respectively.

After obtaining 1/u, the electron and hole densities are
calculated in the energy domain using the Fermi-Dirac
distribution functions f,(E, Eg,) and f(E, Ey,), together with
the corresponding density of states N¢ qos(E) and N, dos(E), as
expressed in eqn (9) and (10) The quantities Eg, and Eg,
represent the quasi-Fermi levels for electrons and holes,
respectively.

1
n :J ueNC,dos(E)-fe(E7Efn)dE [9)
Bl 1
p= J Uhh Ny, dos nh (E) f (E, Egp ) dE +J YN N, dosih (E)-fp (E, Exp )AE

(10)

The quasi-Fermi levels Eg, and Eg, are obtained by solving
the drift-diffusion equations in eqn (11) and (12), where the
electron and hole current densities are driven by the
gradients of the quasi-Fermi levels. These current densities
are then incorporated into the continuity equation in eqn
(13), which accounts for carrier transport under generation
and recombination, where y, and g, are the electron and
hole mobilities. G is the generation rate, and R is the total
recombination rate.

Jn = npnVEs, (11)
Jp = PHpVEg (12)
V'.]n,p = _Q(R - G) (13)

After convergence of the coupled equations, the band
profile and LL-derived effective quantum potentials are
obtained, based on which the optical absorption coefficients
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a(hw) are evaluated by considering transitions between the
conduction and valence states. In ref. 25, the author further
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where dg;, represents the physical thickness of the SL
absorber. In the photon energy range below 0.7 eV, GaAs
and GaSb are assumed to be non-absorbing because the
energy is below bandgap.>’>° And 7(1) x g represents the
of carrier generation efficiency and

prove that by treating the effective bandgap
1 1 . .
Ef(r) = —— - ———, we can further obtain the absorption )
& ue(r)  un(r) combined effect
coefficient:
a(ha) Eeff> _ 12 e*h J&ﬂm;"”zj'
s ds; 32moeocn; ) o w2H | \/2no 202

ao(hw) is the absorption coefficient obtained from the LL
model. E, is the material parameter related to the interband
momentum matrix element. m is the reduced mass of the
electron-hole system. g, is the vacuum permittivity. m, is the
free electron rest mass, and n, is the real part of the refractive
index of the material. ¢ is the speed of light in vacuum. Aw is
the photon energy. Since the heavy hole band and light hole
bands are split, the ooeai(fw) is further modified to

ot (1) = e (oo, By, ) + e (o, B, ), (15)
1 1

E = (—-— 16

g.c-hh Ue Unh ’ ( )
11

Ef L =1—-—), 17

g.clh Ue Up ( )

where o, is the absorption coefficient from heavy hole
band to conduction band. ., is the absorption coefficient
from light hole band to conduction band. The Gaussian
broadening is also considered in absorption calculation,
where the broadening o is used. Since the experimentally
measured quantity is the responsivity, the absorption
coefficient cannot be obtained directly. Therefore, the
procedure illustrated in the right panel of Fig. 2 is adopted to
convert the measured responsivity into the absorption
coefficient for comparison with the LL model.

Since the investigated devices are photoconductors, the
measured responsivity inherently includes the contribution
of photoconductive gain,*® and can be expressed as

RO) = (i) g,

(18)
where 7(1) is the quantum efficiency per incident photon
absorbed and convert into electron-hole pair or we can call it
as absorptance. g is the photoconductive gain, which converts
the absorbed carrier into measured current density. Here,
R(7) is the measured responsivity including photoconductive
gain effects, & is Planck's constant, ¢ is the speed of light in

. T,
vacuum, and 4 is the wavelength. Furthermore, g = - is the
t

photoconductive gain, where 7 is free the carrier lifetime
and ¢, is the carrier transit time between ohmic contacts.
The 5(7) is related to the absorption coefficient, which can
be written as

1+ Ry, oppe @Adst
’70’) = (1 _Rf) (1 - e_a(}“)dSL) x ( b,eff )

1= R¢Ry efre s

(19)
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1 exp(_(hw—E)Z) E-E(r)dEdr (14)

photoconductive gain contributing to the photocurrent. Ry is
the front-surface reflectance, and Ry ¢ is defined as the
overall effective back-side reflectance seen by light
transmitted through the superlattice toward the substrate
side.

2
(1 B RGaSb/GaAs) Rback
1- RGaSb/GaAstack

Rb,eff = RGaSb/GaAs + (20)

In the present model, Ry, ¢ accounts for the wavelength-
dependent refractive indices at the GaSb/GaAs interface,* >
as well as the non-ideal optical interface between the GaAs
substrate and the silver paste attached to the thermoelectric
cooler. The back-side reflectance, denoted as Rpack, iS
defined as the reflectance associated with this non-ideal
optical interface. Due to surface roughness, particle
aggregation, and the non-continuous morphology of the
silver paste,33 Rpack is treated as an effective parameter and
is reasonably assumed to be approximately 0.85. The
correctness of eqn (19) and (20) was verified using
RCWA.***> In practice, however, the Fabry-Perot resonance
predicted by RCWA was less pronounced, primarily due to
surface roughness and non-ideal optical interfaces.
Consequently, the measured absorptance spectrum more
closely follows the averaged response, which is in better
agreement with eqn (19). Therefore, an effective reflectance
parameter directly adopted in the fitting
procedure.

Rb,eff was

T T

0'2 -InASO.7Sbo_3 IHASO_7Sb0.3 Il’lASO.7Sb0_3-

Energy (eV)

0.32
z (pm)

Fig. 3 The quantum potentials 1/u., 1/unn, and 1/uy, represent the
effective quantum potentials for electrons, heavy holes, and light
holes, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A. Simulation results of the LL model

As an example, the LWIR L-8.7 structure is considered to
illustrate the band profile obtained using the LL approach.
As shown in Fig. 3, the strain-modified conduction band edge
E¢ and valence band edges E/n, and Ey), are presented
together with the corresponding effective quantum potentials

1 1 1 .
—, , and for electrons, heavy holes, and light holes,
Ue Uyhh Uy lh
respectively.
The results exhibit the characteristic type-II band

alignment of the InAs/InAs1,Sb, SL, in which electrons are
primarily confined within the InAs layers, while holes are
mainly localized in the InAsSb layers, leading to a spatial
separation of carriers. This behavior is clearly reflected in the

. . . 1
landscape potentials: the electron effective potential —,

Ue
shows relatively smooth spatial variation, indicating weaker

and

confinement, whereas exhibit pronounced

Uy hh Uy 1h
localization within the InAs1,Sb, regions, corresponding to
stronger hole confinement.

The effective quantum potentials obtained by the LL
model, providing direct insight into carrier localization
and effective band-edge profiles without explicitly
solving the Schrodinger equation. The SL period
directly controls the effective bandgap through quantum
confinement. In addition, the alloy composition of
InAs1.,Sb, influences both the band alignment and the
strain distribution, thereby further modifying the band
structure.*®

B. Experimental responsivity

In the following analysis, we consider experimentally
measured responsivity spectra from LWIR and MWIR
photodetectors. The datasets are grouped by spectral
regime to facilitate direct comparisons within each regime.
The spectral responsivity of the fabricated devices is
measured and summarized in Fig. 4(a) for the LWIR
datasets and Fig. 4(b) for the MWIR datasets. Within each
spectral regime, multiple experimental datasets are
presented concurrently to enable systematic comparison of
cutoff behavior. These experimentally measured spectra

w

< —L-166 (195K)| & —M-7 (300 K)
2 —1L-14.4 (195K) E 10 —M-6 (300K)_
< —L-10.7 (230K) | <

&, —L-87(300K) | §

2 2

£l g \

o o

0 0
5 10 15 b 2 4 6 8 10

@ Wavelength (m) (b)

Wavelength (um)

Fig. 4 Measured spectral responsivity of SL photodetectors. (a) LWIR
devices and (b) MWIR devices, showing multiple experimental datasets
within each spectral regime.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Material parameters of the binary endpoints used in the
calculations**3

Parameter InAs InSb
a(A) 6.058 6.479
a. (ev) -5.08 -6.94
a, (eV) -1.0 -0.36

b (eV) -1.8 -2.0
Gy 4.9 4.59
me (mo) 0.027 0.014
Mz (Mo) 0.3333 0.2632
My (Mo) 0.0351 0.0199
Mz (Mo) 0.027 0.0152
My (mo) 0.087 0.0518
E, (eV) 21.5 23.3

n 3.4 4.0
Bandgap bowing term by = 0.67 eV

Electron affinity bowing term b, = -0.2262 eV

constitute the experimental basis for the subsequent
extraction of absorption coefficients and quantitative

comparison with theoretical models.

C. Comparison between experimentally extracted absorption
coefficient and the LL model

To establish a consistent and unambiguous basis for
comparison, the experimental and theoretical absorption
coefficients are obtained through two distinct and
complementary procedures. The theoretical absorption
coefficient is constructed within the LL framework using eqn
(14), which directly yields the optical absorption as a function
of photon energy based on the effective bandgap landscape.
All material parameters required for the LL-based absorption
model, including the Kane energy and -carrier effective
masses, are summarized in Tables 3 and 1 (see Appendix).
On the experimental side, the measured spectral responsivity
R(7) is converted into the experimental absorption coefficient
Oex by numerically solving eqn (18) and (19). with the
corresponding parameters summarized in Table 3 (see
Appendix). By combining the material parameters (Tables 2
and 3) with the geometric and structural properties of the
InAs/InAsSb T2SL samples (Table 1), the LL-predicted
absorption coefficients can be directly compared with
experimental results. The parameters used in the absorption
coefficient calculations are listed in Tables 2 and 3. Most

Table 3 Sample-specific parameters, including Sb composition,
temperature, Gaussian broadening, and band edge shifts

Tr o AE, AE, hn AE, 1
sample  ye (9 (V) @) @) @)
L-16.6 0.42 195 0.18 kgT 0.1041 0.0728 -0.1024
L-14.4 0.44 195 0.18 kgT 0.1114 0.0775 -0.1084
L-10.7 0.38 230 0.4 kgT 0.09 0.0633 -0.0904
L-8.7 0.30 300 0.45 kgT 0.0629 0.0449 -0.066
M-7 0.35 300 0.45 kgT 0.0796 0.0563 -0.0813
M-6 0.335 300 0.45 kgT 0.0745 0.0529 -0.0767
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Fig. 5 Comparison of LWIR absorption coefficients between LL
calculations and experiments shown on (a) logarithmic and (b) linear
scales.

values are obtained by linear interpolation between InAs and
InSb, while bowing terms are applied to electron affinity and
bandgap to account for their nonlinear composition
dependence. The g is required. At shorter wavelength, the
absorption coefficient is larger, where the absorptance
approaching the maximum can be expected.

The results are shown in in Fig. 9. For longer wavelengths,
where absorption is incomplete, the average g obtained from
the shorter-wavelength regime is used to estimate ey This
approximation may influence the absolute magnitude of oy,
but it does not affect the cutoff position of the absorption
band edge.

Fig. 5 and 6 illustrate the direct comparison between the
experimentally extracted absorption coefficients and the
theoretical spectra calculated using LL framework for the
LWIR and MWIR samples (see Appendix for details of the
methodology and validation). In both spectral ranges, the LL
calculations exhibit band-edge (absorption-onset) features at
energy positions consistent with the experimental results and
capture the corresponding spectral evolution, supporting the
use of the LL framework to describe the absorption
behaviour near the band edge. The diamond markers denote
the minimum bandgap energy E,. The finite absorption
observed for E < E, originates from Gaussian broadening of
the band-edge transitions. To further validate the LL model,
the LL-predicted cutoff energies were compared with the

Absorption (log) Absorption (linear)
10° = 2000} 3% (500 )
o EXP
¢ E= Eg (absorption onset)
Py 1500
D 2 D
g 10 £
XA <1000
3 3
10’ 500
. ¢ E= Eg (absorption onset) /
0.15 0.2 0.25 0.15 0.2 0.25
@ E (eV) (b) E (eV)

Fig. 6 Comparison of MWIR absorption coefficients between LL
calculations and experiments shown on (a) logarithmic and (b) linear
scales.
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Fig. 7 Parity plots comparing the LL predictions with reference
results: (a) bandgap versus Schrodinger calculations and (b) cutoff
energy versus experiment, where the cutoff is defined at the half-
maximum responsivity.

experimentally determined values. Fig. 7 illustrates the parity
plot for the six representative samples, providing a visual
assessment of the model's predictive accuracy.

As shown in Fig. 7(a), the LL-predicted bandgaps exhibit
excellent agreement with the Schrodinger-based results, with
a root-mean-square error (RMSE) of 5.395 meV. This confirms
that the LL framework can accurately capture the minimum
optically active transition energy across both LWIR and
MWIR samples. The cutoff energy comparison in Fig. 7(b),
defined using the half-maximum responsivity criterion, also
demonstrates good agreement, with an RMSE of 5.502 meV.
For consistency, the cutoff energy of the LL results is
extracted by first converting the LL-derived absorption
coefficient into the corresponding optical response and
subsequently identifying the energy at half of the maximum
responsivity. A slightly larger deviation is observed in the
MWIR region, which can be attributed to the sharper spectral
drop near the cutoff, making the extracted cutoff energy
more sensitive to variations in spectral shape. Overall, these
results demonstrate the robustness of the LL framework in
accurately predicting both the effective bandgap and the
device-level optical response.

V. Conclusion

In this work, the LL framework was applied to analyze optical
absorption in MWIR and LWIR InAs/InAsSb T2SL absorbers.
Within the effective-mass approximation, the LL formalism
provided physically transparent effective band landscapes
that capture carrier localization and band-edge formation
without solving the full Schrédinger equation. Direct
comparison with experimentally extracted absorption
coefficients confirmed that the LL model reproduces both
the spectral evolution and the absorption onset across a
broad IR range. Quantitative validation showed excellent
agreement: the LL-predicted bandgaps matched Schroédinger
calculations with an RMSE of 5.395 meV, while cutoff
energies agreed with experiment within 5.502 meV. These
results demonstrate that the LL framework provides a
computationally efficient and physically consistent alternative
to eigenstate-based solvers, enabling robust modeling of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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disordered superlattice absorbers and serving as a practical
tool for the design and optimization of large-scale infrared
photodetectors.

V. Appendix
A. Material and optical parameters

The material and optical parameters used in this work are
summarized in Tables 2 and 3. The refractive index, front-
surface reflectance, Kane energy E,, lattice constant, and
deformation potential parameters of InAs; ,Sb, are treated as
composition-dependent quantities obtained through linear
interpolation between the corresponding binary compounds.

The effective masses are evaluated using inverse linear
interpolation between the binary endpoints and are applied
to all band components. In zinc blende structures, the in-
plane directions are isotropic, and thus the in-plane effective
masses are taken as Muyn| = Muhx = Mhny and M) = My, =
mlhy.

For the InAsSb alloy, key band parameters, including the
electron affinity and the bandgap, are composition
dependent and exhibit non-linear behavior due to alloy
effects.®” In this work, these quantities are described using
bowing-type interpolation expressions:

() = ximsbY * xmas(1 —¥) — b y(1 - y) (21)

Eg(Y) = EginspY + Egmas(1 — ) — bEgy[l =) (22)
where E,(y) and x(y) denote the bandgap and electron affinity
of InAs1 Sb,, respectively, Egmas and Egpns, are the
bandgaps of the binary compounds, ymas and msp are the
corresponding electron affinities, and by and b, are the
associated bowing parameters.

In addition, Gaussian broadening is used to account for
thermal  effects and  disorder-induced  band-edge
smearing,*®** where the broadening width ¢ is taken to be
proportional to temperature.*®

E¢, Eynn, and E",tlh in the above table represent the strain-
induced shifts of the conduction band and valence band
edges at the I” point, where the strain is defined with respect
to the GaSb buffer layer.

The experimental 7(1) x g spectra shown in Fig. 8 were
obtained from the measured responsivity using eqn (18),

4
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Fig. 8 #(1) x g as a function of photon energy for (a) LWIR and (b)
MWIR devices.
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Fig. 9 Extracted g of the MWIR and LWIR samples by assuming the
absorption coefficient calculated by the LL model is accurate.

followed by wavelength-to-energy conversion. To extract the
absorption coefficient, however, the gain must first be
determined, and then n and o can be obtained using eqn
(19). A condition where the gain is independent of the
absorption coefficient arises when the absorption is
sufficiently strong to reach the maximum #. This maximum
occurs when all incident light is absorbed before reflection
from the back reflector. For example, in the M-7 case, 5(1) x g
begins to saturate for 7w > 0.3 eV. The maximum absorption
can be expressed as
MTmax = (1 - Rf)7 (23)

where most incident light is absorbed. Hence, the gain can
be estimated near Aw = 0.3 eV, and this value may be
assumed to apply for hw < 0.3 eV to obtain the absorption
coefficient in that regime.

To further verify this, Fig. 9 shows the calculated gain
obtained by using the absorption coefficient calculated by
the LL model.
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Fig. 10 High-resolution X-ray diffraction (HRXRD) 26-w scans of the
investigated LWIR and MWIR InAs/InAsSb superlattice samples.
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As shown in Fig. 9, above the absorption saturation
region, the gain is smooth and slightly increases as hw
increases. This increase may be attributed to improved
carrier extraction, since absorbed carriers are closer to the
surface and the contact. Therefore, a representative value of g
is obtained by averaging g over a selected energy window near
the onset of the saturation region. This averaged value is
then used as the effective gain of the device to extract the
absorption coefficient below the saturation region. The
oscillations observed below saturation may be due to a weak
Fabry-Perot mode. Using this obtained gain, g, the
experimental absorption coefficient is determined by
numerically inverting eqn (19). The resulting absorption
spectra are presented in Fig. 5 and 6.

. . o . T
Since the photoconductive gain is defined as g:?,
t

different combinations of 5(1) and g can produce similar
responsivity spectra. Thus, measured responsivity mainly
reflects the combined quantity 5(1) x g. Even if the carrier
continuity equations are solved self-consistently, transport
and recombination parameters must still be assumed or
fitted. Consequently, 7(4) and photoconductive gain cannot
be uniquely separated from responsivity or (1) x g spectra
alone, except in the regime above the saturation region where
separation becomes possible.

B. HRXRD characterization

All investigated samples exhibit clear superlattice satellite
peaks in the HRXRD 26-w scans, indicating good periodicity
and interface quality of the InAs/InAsSb superlattices. The
well-defined higher-order diffraction peaks further suggest
relatively uniform layer thicknesses and good structural
coherence throughout the absorber region.
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