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Ga-free InAs/InAsSb type-1II 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 Local-
ization 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 confine-
ment 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 onset energies, with LL-
predicted optically active bandgaps matching Schrédinger-based calculations within an RMSE of 5.395 meV,
and experimental cutoff energies within 5.502 meV. These results demonstrate that the LL framework serves
as a computationally efficient and physically consistent alternative to eigenstate-based solvers for modeling
disordered superlattice absorbers relevant to infrared photodetector design.
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I. INTRODUCTION

Reducing size, cost, weight, and power consumption is
a primary driver for modern infrared (IR) imaging devel-
opment. This objective is best addressed through high
operating temperature (HOT) photodetectors! >, which
eliminate the need for bulky cryogenic cooling. How-
ever, achieving reliable HOT operation requires not only
high crystalline quality but also modeling approaches
capable of capturing the complex quantum and disor-
der effects inherent to nanoscale heterostructures. Ga-
free InAs/InAsSb type-II superlattices (T2SLs) have re-
cently attracted significant attention as an alternative
to HgCdTe and conventional InAs/GaSb systems due
to their long minority carrier lifetimes and highly tun-
able bandgap®®. By suppressing Ga-related native de-
fects that act as Shockley-Read-Hall (SRH) recombina-
tion centres® 12, these structures enable improved perfor-
mance in the MWIR and LWIR spectral regimes'®. In
this work, we adopt the Localization Landscape (LL) the-
ory coupled with the strain-induced deformation poten-
tials as a unified and physically grounded framework to
describe carrier confinement, effective bandgap, and op-
tical absorption in strained InAs/InAsSb T2SLs. The LL
approach provides effective quantum potentials for elec-

trons and holes without explicitly solving for eigenstates,
naturally incorporating disorder-induced localization and
quantum confinement effects'* 7. Within this frame-
work, 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, confirm-
ing the accuracy of the LL-based description while high-
lighting its substantial computational efficiency. Owing
to its computational efficiency and physical transparency,
the LL framework is well-suited for modeling optical ab-
sorption in InAs/InAsSb T2SLs while capturing essen-
tial quantum confinement and localization effects. In this
study, the LL approach is employed to investigate the ab-
sorption characteristic of MWIR and LWIR InAs/InAsSb
superlattice (SL) photodetectors and compare with ex-
perimental results in a wide spectrum range

Il. DEVICE STRUCTURE AND EXPERIMENTAL
METHODS

The studied cases include representative experimen-
tally realized MWIR and LWIR SL absorbers with dif-
ferent layer thicknesses and antimony compositions, de-
signed to capture the effects of strain, alloy disorder,


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 5/28/2026 3:18:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

TABLE 1. Structural parameters and cutoff wavelengths of
InAs/InAsSb T2SL samples, ordered by their cutoff wave-
length within each spectral range. Here, Lcontact denotes the
distance between the Au contacts.

L-16.6 L-14.4 L-10.7 L-87 M-7 M-6
Limas (nm) 10.86  8.14 7.87 9.93 3.67 3.48
LinAs;_,sby (nm)  3.41 2.58 247 397 130 1.26
Lcontact (mm) 2.43 2.36 1.97  1.72 277 3.09
Ysb 0.42 0.44 0.38 0.30 0.35 0.335
Acutoft (pm) 16.56 14.44 10.66 8.71 6.98 5.98
T (K) 195 195 230 300 300 300
dgaas (mm) 1.1 1.1 1.1 1.1 0.5 05
dgasp (pm) 0.95 0.94 0.98 0.68 1.98 1.87
dsy, (pm) 2.86 3.10 3.95 297 266 2.55
IR radiation
Au contact Au contact
InAs;_,Sby "
InAs 5
Linas,_, sb, InAs;_,Shy xn g
Linas InAs 5
Buffer layer GaSb
Substrate GaAs
FIG. 1. Schematic illustration of the InAs/InAsSb T2SLs

absorber structure investigated in this work. This thickness
and composition are listed in Table I.

and quantum confinement, as schematically illustrated
in Fig. 1. These structures serve as realistic platforms
for evaluating the applicability of the LL framework un-
der practical device conditions. The key structural pa-
rameters of the MWIR and LWIR SL absorbers investi-
gated in this work are summarized in Table I. Here, dgy,
denotes the total thickness of the superlattice absorber,
Acutoft Tepresents the cutoff wavelength defined as the
wavelength at which the responsivity decreases to half of
its maximum value, and dgaas 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 corre-
sponds to the cutoff wavelength in micrometers rounded
to one decimal place. For example, the sample labeled
1-16.6 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 cut-
off wavelength can be tuned by adjusting the SL period
and the Sb composition through strain-balanced design.
Such band engineering is well established and forms the
basis for MWIR and LWIR device optimization!® 20,

Based on these design considerations, the investi-
gated structures were grown by molecular beam epitaxy
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(MBE) using a RIBER Compact-21DZ system on semi-
insulating GaAs (001) substrates. GaAs substrates were
selected due to their lower cost, larger wafer availabil-
ity, and mature growth technology compared to GaSb
substrates. Although GaSb (001) substrates offer bet-
ter 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 approx-
imately 7.8% between the GaAs substrate and the SL
layers, a GaSb buffer layer utilizing an interfacial mis-
fit (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 pre-
cisely 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 Ap-
pendix section. Following the epitaxial growth, device
fabrication was carried out through a simple process-
ing sequence involving photoresist masking and the elec-
trolytic deposition of Au contacts to form lateral photo-
conductors. For experimental characterization, the fab-
ricated devices were mounted on thermoelectric coolers,
and their spectral responsivity was measured using a
spectrophotometer.

I1l.  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 absorp-
tion of the strained InAs/InAsSb T2SL (Fig. 2).To ana-
lyze these properties, a simulation framework combining
strain calculation, the Poisson and drift-diffusion equa-
tion, and the LL approach is adopted. Within this frame-
work, strain effects on the electronic structure are de-
scribed using deformation potential theory, as given in

Eq.(1),

Hgﬁ = ZDZB €ij (1)

.3

Here, o and 3 denote band indices corresponding to
different electronic bands, and H. represents the strain-
induced perturbation to the Hamiltonian. The coeffi-
cients Dy, 5 are the deformation potential constants asso-

ciated with the strain tensor ¢;;.

Page 2 of 10
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AEC =0Ac (ea;;p + €yy + 6ZZ) ) (2)
AEmhh =Q, (69;30 + €yy + Gzz)
b
—+ 5 (sz + ny - 2€zz) 9 (3)
AE, 1 =0y (€32 + €yy + €:2)
b
— 5 (6;1;;1; + €yy — 252,2) 5 (4)

where a. and a, are the conduction band and valence
band deformation potential under hydrostatic pressure,
respectively. b is the shear deformation potential. FE,
and F, are the conduction band and valence band po-
tential before strain. E! ,, and E! , are the valence
band potentials of heavy hole and ligﬁt hole after strain,
respectively, where the two bands are split.

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

V- (e:Vo) =q(n—p+ Ny — Np), (5)

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, FE. and F, are parallel
to —q¢. 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.??, Filoche
et al. propose the LL model, and they proved that in-
stead of solving the eigenvalues of Hiy = FEt, the LL
model solves Hu = 1. And 1/u can be denoted as ef-
fective quantum potentials. Details of the LL model can
be found in Refs.!®17:23:24 Hence, we can obtain the
effective quantum potential by solving

<_f;2v (Ti v> + (B + AEJ) w=1, (6

€

K2 1
ry — (B AE@ = 17
< 5 \Y <m7;h V) (Ey + ,hh)) Unh (7)

2 1
VI =V )= (B +AE, ) Jun=1,  (8)
2 mj,

*

where A is the reduced Planck constant, m}, m;,, and
my;, 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, Ef,) and fp(E, Eyp), to-
gether with the corresponding density of states N¢ qos(E)
and N, qos(E), as expressed in Egs. (9) and (10) The
quantities Ey, and Fy, represent the quasi-Fermi levels
for electrons and holes, respectively.
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Ue

n= Nedos(E) - fe (E, Efy) dE 9)
-
p={ """ Noaoswn(E)- f, (E,Esp) dE
7004
+ [ " Nyaosn(E) - fo (B, Eyp) dE (10)

The quasi-Fermi levels Fy, and Ey, are obtained by
solving the drift—diffusion equations in Egs. (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 continu-
ity equation in Eq.(13) , which accounts for carrier trans-
port under generation and recombination, where p,, and
ip are the electron and hole mobilities. G is the genera-
tion rate, and R is the total recombination rate.

In =nunVE;, (11)
Jp = pppVEgp (12)
Vidnp=—-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 coef-
ficients a(hw) are evaluated by considering transitions
between the conduction and valence states. In Ref.2?,
the author further prove that by treating the effective
bandgap E;ff(r) = %(r) — ﬁ(r)’ we can further obtain
the absorption coefficient:

o (o, By = L2 [ By VaImi
g dsr, 3 2moegen,. | hw  w2h3

hw — E)?
exp <—( 552 )> E—ngf(r)dEdr

(14)

| e

a (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. ¢( is the vacuum per-
mittivity. mg 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
Qtotal (Aw) is further modified to

Qtotal (Aw) = ate—pp (hw, E;”‘ff;fhh)

+ cte—n (hw, EXR_1) (15)
1 1
Bt == — 16
g,c—hh (ue uhh) ) ( )
1 1
eff
Eg,c—lh - (ue - Ulh) ) (17)
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Set input parameter

Measured R(A)
Strain solver l

Solve Poisson equation

Convert to 175 (1)

Optical model
(thickness + reflection)

Solve the LL model

Solve drift—diffusion equations

Converge

Calculate absorption coefficient | experimental absorption coefficient

Comparison of theoretical and experimental absorption coefficients

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

where «._pp is the absorption coefficient from heavy
hole band to conduction band. «._;; is the absorp-
tion coeflicient from light hole band to conduction band.
The Gaussian broadening is also considered in absorp-
tion calculation, where the broadening o is used. Since
the experimentally measured quantity is the responsiv-
ity, 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 contribu-
tion of photoconductive gain?®, and can be expressed as

RO\ = e

=200 xg, (18)

where 7()) is the quantum efficiency per incident pho-
ton 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 cur-
rent density. Here, R()) is the measured responsivity
including photoconductive gain effects, h is Planck’s con-
stant, c is the speed of light in vacuum, and X is the wave-
length. Furthermore, g = % is the photoconductive gain,
where 7 is free the carrier lifetime and ¢; is the carrier
transit time between ohmic contacts. The n()\) is related
to the absorption coefficient, which can be written as

) = (1= Ry) (1)
(14 Ry ee—Mdst) (19)
1-— Rbe7eﬂ‘€_2a(>‘)dSL

where dgy, represents the physical thickness of the SL ab-
sorber. In the photon energy range below 0.7 eV, GaAs
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and GaSb are assumed to be non-absorbing because the
energy is below bandgap?” 2°. And 7()\) x g represents
the combined effect of carrier generation efficiency and
photoconductive gain contributing to the photocurrent.
Ry is the front-surface reflectance, and Ry g is defined
as the overall effective back-side reflectance seen by light
transmitted through the superlattice toward the sub-
strate side.

(1 — RGasb/Gaas) Rback
1- RGaSb/GaAstack

Ry ot = Rqasb/caas + (20)

In the present model, Rp.g accounts for the
wavelength-dependent  refractive indices at  the
GaSb/GaAs interface®* 32, 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 Rp.ck, is defined as
the reflectance associated with this non-ideal optical
interface. Due to surface roughness, particle aggrega-
tion, and the non-continuous morphology of the silver
paste®®, Rpack is treated as an effective parameter and
is reasonably assumed to be approximately 0.85. The
correctness of Eq. (19) and Eq.(20) was verified using
RCWA?+35  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 Eq. (19). Therefore,
an effective reflectance parameter Ry .g¢ was directly
adopted in the fitting procedure.

A. Simulation Results of the LL Model

As an example, the LWIR L-8.7 structure is consid-
ered to illustrate the band profile obtained using the LL
approach. As shown in Fig. 3, the strain-modified con-
duction band edge £/ and valence band edges Ej ;;, and
E! ,, are presented together with the corresponding effec-

v,l
tive quantum potentials +, —— and —L
Ue ’ Uy,hh Uy, lh

heavy holes, and light holes, réspectively:

The results exhibit the characteristic type-II band
alignment of the InAs/InAs; _,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 re-
flected in the landscape potentials: the electron effective
potential 17157 shows relatively smooth spatial variation,
1

for electrons,

indicating weaker confinement, whereas ﬁ and T
exhibit pronounced localization within the InAsl_ySBy
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 solv-

ing the Schrédinger equation. The SL period directly
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W

0.32
z (pm)
FIG. 3. The quantum potentials 1/uc, 1/unn, and 1/up rep-

resent the effective quantum potentials for electrons, heavy
holes, and light holes, respectively.

W

g —L-16.6 (195 K) § —M-7 (300 K)
= —L-144(195K) | 2 | —M-6 (300 K)
< —L-10.7 (230 K) | <G

‘E/Z —L-8.7 (300 K) g

2 2 |/

£ g

=1 =

=} ]

3] 5]

=7 -

0 = 0

5 10 15 2 4 6 8 10
Wavelength (m)

—_~
=
-~
~
=
~

Wavelength (pm)

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

controls the effective bandgap through quantum confine-
ment. In addition, the alloy composition of InAs;_,Sb,
influences both the band alignment and the strain distri-
bution, thereby further modifying the band structure?®.

B. Experimental Responsivity

In the following analysis, we consider experimen-
tally 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 fabri-
cated 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 experi-
mental datasets are presented concurrently to enable sys-
tematic comparison of cutoff behavior. These experimen-
tally measured spectra constitute the experimental basis
for the subsequent extraction of absorption coefficients
and quantitative comparison with theoretical models.

RSC Applied Interfaces
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Absorption (linear)

Absorption (log)

10° 1400 r —88 ek
1200 | —Ls7 600K
o EXP
1000 o E=E, (absorption onset)
a2 Ea
10 ' 800
o K
- = 600 Ay
10" e 400
——L-10.7 (230 K)
T E)?; (300 K) 200
© E = E, (absorption onsef) 3 /
0.1 0.15 0.2 0.1 0.15 0.2
(a) E (eV) (b) E (eV)

FIG. 5. Comparison of LWIR absorption coefficients between
LL calculations and experiments shown on (a) logarithmic
and (b) linear scales.

C. Comparison between Experimentally Extracted
Absorption Coefficient and the LL Model

To establish a consistent and unambiguous basis for
comparison, the experimental and theoretical absorp-
tion coefficients are obtained through two distinct and
complementary procedures. The theoretical absorption
coefficient is constructed within the LL framework us-
ing Eq.(14), which directly yields the optical absorp-
tion as a function of photon energy based on the ef-
fective bandgap landscape. All material parameters re-
quired for the LL-based absorption model, including the
Kane energy and carrier effective masses, are summa-
rized in Table IIT and I.(see Appendix). On the ex-
perimental side, the measured spectral responsivity R()\)
is converted into the experimental absorption coefficient
Qep by numerically solving Egs. (18) and (19). with
the corresponding parameters summarized in Table III
(see Appendix). By combining the material parameters
(Tables II-III) with the geometric and structural prop-
erties of the InAs/InAsSb T2SL samples (Table I), the
LL-predicted absorption coefficients can be directly com-
pared with experimental results. The parameters used
in the absorption coefficient calculations are listed in Ta-
ble IT and Table ITI. Most 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 re-
quired. At shorter wavelength, the absorption coefficient
is larger, where the absorptance approaching the maxi-
mum can be expected.

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

Figures 5 and 6 illustrate the direct comparison be-
tween the experimentally extracted absorption coeffi-

cients and the theoretical spectra calculated using LL
framework for the LWIR and MWIR samples (see Ap-
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FIG. 6. Comparison of MWIR absorption coefficients between
LL calculations and experiments shown on (a) logarithmic
and (b) linear scales.

= Bandgap Comparison Cutoff Comparison
© O2] RMSE = 5395 mev RS RMSE = 5.502 meV P
o OM-6 7 0.2 S
A oM-7 g e
e > M-
20.15 ) e ‘
2 £0.15
) oL-87 it L/BL-8.7
2 . & e
2 0.1 - SL-107 18 ABL-10.7
] . 3 0.1 ‘
— .
a. ol .14.4 —-y=x — Sl —oy=x
>—I] 0.05 /0, Lles e LL vs Schrodinger ~ Lo®L- 1%}]4,4 = LL vs Experiment
0.05 0.1 0.15 0.2 0.1 0.15 0.2

(a) Schrodinger bandgap (eV) (b) Experimental cutoff energy (eV)

FIG. 7. Parity plots comparing the LL predictions with ref-
erence results: (a) bandgap versus Schrodinger calculations
and (b) cutoff energy versus experiment, where the cutoff is
defined at the half-maximum responsivity.

pendix for details of the methodology and validation). In
both spectral ranges, the LL calculations exhibit band-
edge (absorption-onset) features at energy positions con-
sistent with the experimental results and capture the cor-
responding spectral evolution, supporting the use of the
LL framework to describe the absorption behaviour near
the band edge. The diamond markers denote the mini-
mum bandgap energy E,. The finite absorption observed
for £ < 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
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 Schrédinger-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 transi-
tion 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 con-
sistency, the cutoff energy of the LL results is extracted
by first converting the LL-derived absorption coefficient
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into the corresponding optical response and subsequently
identifying the energy at half of the maximum responsiv-
ity. 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 frame-
work in accurately predicting both the effective bandgap
and the device-level optical response.

IV. 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 approxima-
tion, the LL formalism provided physically transparent
effective band landscapes that capture carrier localiza-
tion and band-edge formation without solving the full
Schrédinger equation. Direct comparison with experi-
mentally extracted absorption coefficients confirmed that
the LL model reproduces both the spectral evolution and
the absorption onset across a broad IR range. Quanti-
tative validation showed excellent agreement: the LL-
predicted bandgaps matched Schrédinger 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 compu-
tationally efficient and physically consistent alternative
to eigenstate-based solvers, enabling robust modeling of
disordered superlattice absorbers and serving as a prac-
tical tool for the design and optimization of large-scale
infrared photodetectors.
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V. APPENDIX
A. Material and optical parameters

The material and optical parameters used in this work
are summarized in Table II and Table III. The refrac-
tive index, front-surface reflectance, Kane energy E,,, lat-
tice constant, and deformation potential parameters of
InAs;_,Sb, are treated as composition-dependent quan-
tities obtained through linear interpolation between the
corresponding binary compounds.

Page 6 of 10


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

Page 7 of 10

Open Access Article. Published on 27 May 2026. Downloaded on 5/28/2026 3:18:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

TABLE II. Material parameters of the binary endpoints used

in the calculations*!™3

Parameter InAs InSb
a (A) 6.058 6.479

ac (eV) -5.08 -6.94
a, (eV) -1.0 -0.36
b (eV) -1.8 -2.0

x (eV) 4.9 4.59
me (mo) 0.027 0.014
Muh,z (Mo)  0.3333 0.2632
Mhh, (mo)  0.0351 0.0199
mun,z (mo)  0.027 0.0152
Min, (mo) 0.087 0.0518
E, (eV) 21.5 23.3
n 3.4 4.0

bandgap bowing term bgy = 0.67 eV
electron affinity bowing term b, = -0.2262 eV

TABLE III. Sample-specific parameters, including Sb com-
position, temperature, Gaussian broadening, and band edge
shifts.

Sample ysp, T o AE. AE,nn AFEyn
K) (V) (V) (V) (eV)
L-16.6 0.42 195 0.18 kg7 0.1041 0.0728 -0.1024
L-14.4 0.44 195 0.18kpT 0.1114 0.0775 -0.1084
L-10.7 0.38 230 0.4kgT 0.09 0.0633 -0.0904
L-8.7 0.30 300 0.45kpT 0.0629 0.0449 -0.066
M-7 0.35 300 0.45kgT 0.0796 0.0563 -0.0813
M-6 0.335 300 0.45kgT 0.0745 0.0529 -0.0767

The effective masses are evaluated using inverse lin-
ear interpolation between the binary endpoints and are
applied to all band components. In zincblende struc-
tures, the in-plane directions are isotropic, and thus the
in-plane effective masses are taken as Mph,|| = Mhhe =
Mpnhy and Mgy || = Mipe = Myp,y-

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
effects3”. In this work, these quantities are described
using bowing-type interpolation expressions:

y) — byl —y) (21)
= Eg,InSb Y + -Eg,InAs(1 - y) - bEgy(l - y) (22)

X(¥) = Xtusb - ¥ + Xmas(1 —
Eg(y)

where E¢(y) and x(y) denote the bandgap and electron
affinity of InAs;_,Sb,, respectively, E4 mas and Eg mshb
are the bandgaps of the binary compounds, ximas and
Xmsb are the corresponding electron affinities, and bg,
and b, are the associated bowing parameters.

In addition, Gaussian broadening is used to ac-
count for thermal effects and disorder-induced band-edge
smearing®3?, where the broadening width o is taken to
be proportional to temperature?®.

E!, E| hho and E! ,, in the above table represent the
btram induced shlfts of the conduction band and valence
band edges at the I' point, where the strain is defined
with respect to the GaSb buffer layer.
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FIG. 8. n(\) 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 as-
suming the absorption coefficient calculated by the LL model
is accurate.

The experimental () x g spectra shown in Fig. 8 were
obtained from the measured responsivity using Eq. (18),
followed by wavelength-to-energy conversion. To extract
the absorption coefficient, however, the gain must first
be determined, and then 7 and « can be obtained using
Eq. (19). A condition where the gain is independent of
the absorption coefficient arises when the absorption is
sufficiently strong to reach the maximum 7. This max-
imum occurs when all incident light is absorbed before
reflection from the back reflector. For example, in the
M-7 case, n(A\) X g begins to saturate for hw > 0.3 €V.
The maximum absorption can be expressed as

Nlmax = (1 - Rf)a (23)

where most incident light is absorbed. Hence, the gain
can be estimated near iw = 0.3 €V, and this value may
be assumed to apply for hw < 0.3 €V to obtain the ab-
sorption coefficient in that regime.

To further verify this, Fig. 9 shows the calculated gain
obtained by using the absorption coeflicient calculated
by the LL model.

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 representa-
tive 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 satu-
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ration may be due to a weak Fabry—Perot mode. Using
this obtained gain, g , the experimental absorption co-
efficient is determined by numerically inverting Eq.(19).
The resulting absorption spectra are presented in Fig. 5
and Fig. 6.

Since the photoconductive gain is defined as g =
~  different combinations of n(A\) and g can produce
similar responsivity spectra. Thus, measured respon-
sivity mainly reflects the combined quantity n(A) x g.
Even if the carrier continuity equations are solved self-
consistently, transport and recombination parameters
must still be assumed or fitted. Consequently, n(\) and
photoconductive gain cannot be uniquely separated from
responsivity or n(A) X g spectra alone, except in the
regime above the saturation region where separation be-
comes possible.

B. HRXRD characterization
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FIG. 10. High-resolution X-ray diffraction (HRXRD) 26-w
scans of the investigated LWIR and MWIR InAs/InAsSb su-
perlattice samples.

All investigated samples exhibit clear superlattice
satellite peaks in the HRXRD 26-w scans, indicat-
ing 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 through-
out the absorber region.
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