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The optical properties of bulk InAsgg36Big.0s4 grown by molecular beam epitaxy on a (100)-
oriented GaSb substrate are measured using spectroscopic ellipsometry. The index of refraction
and absorption coefficient are measured over photon energies ranging from 44 meV to 4.4eV and
are used to identify the room temperature bandgap energy of bulk InAsg936Big oes4 as 60.6 meV.
The bandgap of InAsBi is expressed as a function of Bi mole fraction using the band anticrossing
model and a characteristic coupling strength of 1.529eV between the Bi impurity state and the
InAs valence band. These results are programmed into a software tool that calculates the miniband
structure of semiconductor superlattices and identifies optimal designs in terms of maximizing the
electron-hole wavefunction overlap as a function of transition energy. These functionalities are
demonstrated by mapping the design spaces of lattice-matched GaSb/InAsg9;1Sbg ogo and GaSb/
InAsg.93,Biggsg and strain-balanced InAs/InAsSb, InAs/GalnSb, and InAs/InAsBi superlattices on
GaSb. The absorption properties of each of these material systems are directly compared by relat-
ing the wavefunction overlap square to the absorption coefficient of each optimized design.
Optimal design criteria are provided for key detector wavelengths for each superlattice system. The
optimal design mid-wave infrared InAs/InAsSb superlattice is grown using molecular beam epi-
taxy, and its optical properties are evaluated using spectroscopic ellipsometry and photolumines-

cence spectroscopy. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953027]

I. INTRODUCTION

For many decades since the first proposal to utilize
quantum wells to modify the optoelectronic properties of
semiconductor materials," band structure engineering has
been a technologically valuable field of research. The need
for engineered materials can be readily seen in the plots of
the bandgap energy as a function of the lattice constant of
selected III-V semiconductors® shown in Figs. 1(a) at 0K
and 1(b) at 295 K. Direct (indirect) bandgaps are indicated
by solid circles (squares) and solid (dotted) curves for binary
and ternary alloys, respectively. Though the bandgap ener-
gies of the ternary alloys presented span a continuous spec-
tral range, only limited compositional ranges can be grown
in thick layers with high epitaxial quality due to the lack of
commonly available lattice-matched substrates (indicated
with vertical dashed lines) at every lattice constant. The
main challenge to optoelectronic device designers has
always been in finding materials with appropriate bandgap
energies for the desired application, which also have lattice
constants near those of commercially available substrates.

Alloying bismuth into InAs provides one possible means
of reaching longer wavelengths. Photoluminescence meas-
urements of bulk InAsBi samples grown by metalorganic
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vapor phase epitaxy indicate that the bandgap energy
decreases at a rate of 42 to 55 meV/% Bi,”* and droplet-free
InAsBi has been grown nearly lattice-matched on GaSb sub-
strate by molecular beam epitaxy.5 Nevertheless, ternary
alloys provide relatively little bandgap engineering flexibil-
ity due to the constraint that high quality material needs to
be nearly lattice-matched, drastically limiting the range of
mole fractions that can be grown dislocation free on a given
substrate. An additional degree of design freedom is neces-
sary to simultaneously select the bandgap energy and lattice
constant; this can be achieved using a quaternary alloy or by
engineering the band structure using a superlattice.®

For a superlattice composed of a binary and a ternary
alloy, the ternary composition and the individual layer thick-
nesses of the two repeating layers constitute three design pa-
rameters. However, in order to grow an arbitrarily thick
superlattice region without strain relaxation, either a lattice-
matched or strain-balanced superlattice must be utilized;’
this reduces the number of free design parameters to two. In
the case of lattice-matched structures, the two free parame-
ters are the thickness of each of the two constituent layers,
and in the case of strain-balanced structures, the two free
parameters are the ternary layer composition and the super-
lattice period thickness. One of the two remaining design
parameters is required to tune the ground state transition
energy, leaving the second parameter available for design

Published by AIP Publishing.
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FIG. 1. Bandgap energy as a function of the lattice constant for selected III-V binary and ternary alloys with the lattice constants of common substrates indi-
cated with vertical dashed lines; (a) low temperature and (b) room temperature. Lattice-matched InAsSb and InAsBi and strain-balanced InAs/GalnSb, InAs/
InAsSb, and InAs/InAsBi superlattices can be grown on GaSb. For each superlattice system, the vertical lines with dark to light color-gradient show the spec-
tral range and the reduction in electron-hole wavefunction overlap as longer wavelength cutoffs are attained.

optimization. The absorption coefficient of the superlattice is
proportional to the square of the electron-hole wavefunction
overlap,® thus in a superlattice system with at least two free
design parameters the absorption strength can be optimized
as a function of detector wavelength.

For a strain-balanced superlattice composed of two ter-
nary alloys, the second alloy composition can act as a third
design parameter. A third degree of design freedom could be
used to optimize another characteristic of the superlattice,
such as the density of states. No additional design freedom is
gained by using ternary alloys in the lattice-matched super-
lattice; however lattice-matched quaternaries would provide
additional design freedom.

In this work, a software tool is developed that calculates
the design spaces of lattice-matched and strain-balanced semi-
conductor superlattices, and identifies the optimal designs in
terms of maximizing wavefunction overlap as a function of
ground state transition energy. This technique is used to calcu-
late the design spaces of lattice-matched GaSb/InAs 911Sbg ogo
and GaSb/InAsg03,Bigosg superlattices and strain-balanced
InAs/InAsSb, InAs/GalnSb, and InAs/InAsBi superlattices on
GaSb substrates at low temperature and at room temperature.
In all five superlattice systems considered, the ground state
transition occurs between the first electron and first heavy hole
minibands. These material systems are compared by relating
the wavefunction overlap square to the absorption coefficient
of each optimized design, and temperature dependences are
discussed.

Il. SPECTROSCOPIC ELLIPSOMETRY
OF InAsg 936Bio.064

The bandgap and absorption properties of InAsBi are
determined from a 930 nm thick layer of bulk InAsg 936Big 064
grown by molecular beam epitaxy on a (100)-oriented 50 mm
GaSb substrate.”” The sample structure consists of a 500 nm
thick GaSb buffer, a 13.95nm thick InAs layer, a 930 nm
thick InAsg 936Big 64 layer, and a 9.30 nm thick InAs cap, and

is shown in Fig. 2. A smooth, droplet-free surface is main-
tained throughout the growth using a constant 0.5 monolayer
per second In-limited growth rate, an As/In flux ratio of 0.98
to 0.99, a Bi/In flux ratio of 0.065, and a growth temperature
of 280°C calibrated using an Ircon Modline 3 (model 3G-
10C05) infrared pyrometer.'” Reciprocal space mapping
around the (115)-plane diffraction verifies that the sample is
coherently strained on the GaSb substrate. X-ray diffraction
from the (004)-planes provides the Bi mole fraction of 0.0639
and the inferred tensile strain of 0.036%.°

The optical properties of the InAsgg36Bigoss layer are
measured by spectroscopic ellipsometry using VASE and
IR-VASE model spectroscopic ellipsometers to, respec-
tively, cover the ultraviolet to near infrared and the near
infrared to long wavelength infrared spectral ranges.'' The
ellipsometric parameters W and A are measured at 64°, 68°,
72°, and 76° and are identical over the spectral range that the
two ellipsometers overlap (0.6 to 0.8eV). Combining the

1.00 nm InAs oxide
9.30 nm InAs 9.30 nm InAs
930 nm 930 nm
i InASO.93GBIO.OG4
INAS6 c5eBloces (optical constants fit)
13.95nmInAs | | 13.95nm InAs
500 nm GaSb
GaSb
p-type GaSb Substrate
Substrate

FIG. 2. Bulk InAsBi sample cross section (left) alongside the optical model
used for ellipsometry analysis (right) in which the optical constants of the
930nm thick InAsgo36Binoes layer are fit to the measured ellipsometric
parameters.
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data measured by the two ellipsometers, the ellipsometric pa-
rameters are obtained for photon energies ranging from
44 meV to 4.4eV (28.2 to 0.282 um wavelength). The depo-
larization of the measured reflection is reduced below 2% by
roughing the backside of the semi-transparent GaSb wafer
with 320 grit sandpaper prior to measurement.

The ellipsometric model of the sample is shown sche-
matically alongside the physical cross section in Fig. 2. The
WVASE software library provides the optical constants of
the GaSb, InAs, and InAs native oxide layers,'* and the op-
tical constants of the InAsBi layer are determined using the
point-by-point analysis method that generates a pair of raw
optical constants for each wavelength measured.'> The
results are shown as the solid black curves in Fig. 3, where
the refractive index n (left-hand vertical axis) and extinc-
tion coefficient £ (right-hand vertical axis) are plotted as a
function of photon energy hv (lower horizontal axis) and
photon wavelength 4 (upper horizontal axis). A general os-
cillator model composed of a PSEMIO oscillator at the
bandgap and Gaussian oscillators above the bandgap'? is fit
to the raw data and shown as grey curves in Fig. 3; the os-
cillator model fit to the » and k data confirms that the raw
(point-by-point) optical constants are Kramers-Kronig
consistent.

The absorption coefficient o = 47nk// shown in Fig. 4 is
determined using the raw extinction coefficient (k) data in
Fig. 3. The figure inset shows the absorption coefficient in the
range of 50 to 100meV (black curve) and its first derivative

J. Appl. Phys. 119, 225701 (2016)

(grey curve). The position of the first derivative maximum
identifies the tensilely strained InAsgo3;¢Bigoes bandgap

energy of 60 meV with an absorption coefficient of 503 cm ™.

lll. BAND ANTICROSSING IN InAsBi

The valence band edge of InAs(_,)Bi, is expressed as a
function of Bi mole fraction x using the valence band anti-
crossing model in Equation (1).'*'” In the equation, E,(x) is
the position of the InAsBi valence band edge relative to the
position of the InAs valence band edge; AE, is the energy sep-
aration between the InBi and InAs valence band edges; Eg; is
the energy of the Bi impurity state relative to the InAs valence
band edge; and Cj; is the coupling parameter that characterizes
the strength of the interaction between the Bi impurity state
and the InAs valence band. Physically, the quantity inside the
first set of square brackets represents the valence band anti-
crossing interaction which dominates in the As-rich mole frac-
tion regime, while the quantity in the second set of square
brackets represents the linear variation in the valence band
which is assumed to dominate in the Bi-rich mole fraction
regime as is the case for Sb in GaAsSb'* and InAsSb'® and is
similarly assumed for Bi in GaAsBi.'"* Correspondingly, the
As constituent could produce an anticrossing interaction in the
conduction band for Bi-rich mole fractions; 14,16 however, since
Bi-rich InAsBi has not been synthesized and measured, the
conduction band edge is assumed to vary linearly with mole
fraction between the conduction band edges of InAs and InBi.

E,(x) =

Photon Wavelength (um)
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FIG. 3. Refractive index (left-hand vertical axis) and extinction coefficient
(right-hand vertical axis) of bulk InAsg 936Bip 064 plotted as a function of pho-
ton energy (lower horizontal axis) and photon wavelength (upper horizontal
axis). The optical constants identified using point-by-point and general oscilla-
tor fitting analyses are shown with black and grey curves, respectively.

[(M17 -X) + Ep; + \/((AE» -x) — Epi)* + (2C)” - x
2

(1 —x) + [AE, - x]x. (1)

The valence band edge of InBi is predicted by linearly
extrapolating from the valence band edges of InP, InAs, and
InSb as a function of lattice constant” in Fig. 5, from which
the energy separation between the InBi and InAs valence
band edges, AE,, of 0.80eV is identified at the 0.66108 nm
lattice constant of InBi.’ The conduction band edge of InBi
is specified by the InBi valence band edge plus the —1.63 eV
bandgap energy of InBi calculated using density functional
theory.'” The Bi impurity state is located 0.4eV below the
valence band edge of GaAs'* which is itself located 0.21 eV
below the valence band edge of InAs;? therefore, the energy
of the Bi impurity state relative to the InAs valence band
edge, Ep;, is —0.61¢eV.

When InAsBi is grown pseudomorphically on GaSb as
is the case for the bulk InAsgg36Big oes layer examined in
Section II, strain modifies the conduction and valence band
edge positions of the material. The band anticrossing model
characterizes the band edge positions of unstrained material;
therefore, the coupling parameter Cp; in Equation (1) is fit
using the unstrained InAsgg36Bigoss bandgap specified by
the 60meV strained bandgap measured in Section II plus
0.6meV due to the 0.036% tensile strain in the layer. The
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FIG. 4. Absorption coefficient of InAsg.936Bio 064 plotted as a function of
photon energy (lower horizontal axis) and photon wavelength (upper hori-
zontal axis). Inset shows the absorption coefficient in the range of 50 to
100meV (black curve) as well as its first derivative (grey curve) that is used
to determine the bandgap energy.

0.6meV strain offset is calculated using the Pikus-Bir
Hamiltonian,lg’19 the deformation potentials of InAs, and a
composition-dependent Poisson’s ratio which varies linearly
with mole fraction between Poisson’s ratio of InAs (0.352)
and InBi (0.350).%°

The InAs(_Bi, bandgap energy as a function of Bi
mole fraction is computed using the valence band anticross-
ing model and the Bi coupling parameter and other parame-
ters given in Tables I and II, and is shown in Fig. 6. The
unstrained bulk bandgap is shown by the solid grey curve.
When this material is coherently strained to GaSb (strain dis-
played on the upper horizontal axis), the light and heavy
hole bands split resulting in light hole (dotted black curve)
and heavy hole (solid black curve) bandgaps. InAsBi is

10— —————

05}

InBi
valence
band edge

=0.211 eV—

00} InSb

-1.0

Valence Band Edge (eV)
<)
(&)

-156F

a5 = 0.6611 nm

_20 1 1
0.55 0.60 0.65

Lattice Constant (nm)

0.70

FIG. 5. Valence band edges of InP, InAs, and InSb (solid circles) plotted as
a function of lattice constant. The solid line is a linear fit to the data that is
used to predict the valence band edge of InBi (open circle).
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TABLE I. InAsBi valence band anticrossing model parameters.

Parameter Value (eV)
Energy separation between the InAs and 0.80
InBi valence band edges, AE,

Bi impurity level, Ep; —0.61
Bi coupling parameter, Cp; 1.529

perfectly lattice-matched to GaSb at 6.8% Bi and becomes
semimetallic at 8.0% Bi at room temperature. The conduc-
tion and valence band edges (E. and E,) of tensilely strained
InAs and lattice-matched InAsgo3,Bigges on GaSb are
shown in the inset. Over the 0% to 3% Bi mole fraction
range of bulk InAsBi, the average linear bulk bandgap reduc-
tion rate per unit mole fraction is 50.9 meV/% Bi, which lies
between the rates of 42 and 55 meV/% Bi reported over the

TABLE II. Physical and band structure parameters of InAs and InBi.

Value
Parameter InAs InBi
Valence band edge —0.59eV 0.21eV
0K bandgap energy 0.417eV —1.63eV
295 K bandgap energy 0.354eV —1.63eV
Lattice constant 0.60583 nm 0.66108 nm
Poisson’s ratio 0.352 0.350
Conduction band deformation potential —5.08eV —5.08eV
Valence band deformation potential —1.00eV —1.00eV
Shear deformation potential —1.80eV —1.80eV
Electron effective mass 0.026 0.026
Heavy hole effective mass 0.333 0.333
InAsBi Strain on GaSb (%)
0.60 0.40 0.20 0.00 -0.20
400 —T1 T r T L —1 1 ]
Unstrained o ]
bandgal o ]
350 | oo = 3
Heavy hole o | ]
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FIG. 6. Room temperature bandgap energy of InAsBi as a function of Bi
mole fraction (lower horizontal axis). The solid grey curve shows the
unstrained bandgap and the dotted and solid black curves show the light and
heavy hole bandgaps of coherently strained InAsBi on GaSb. The corre-
sponding strain is shown on the upper horizontal axis. The inset shows the
conduction and valence band edge positions (E. and E,) of tensilely strained
InAs and lattice-matched InAsg 93,Big ggsg 0n GaSb.
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same mole fraction range in Refs. 3 and 4. For the strained
material, the bandgap reduction rate is 42.4 meV/% Bi over
the same range of mole fractions (0% to 3% Bi).

IV. OPTIMAL DESIGN SOFTWARE

The bulk material parameters needed to calculate the
superlattice miniband structure are the bandgap energy, va-
lence band edge, lattice constant, Poisson’s ratio, deforma-
tion potentials, and effective masses of each of the
superlattice constituents. The design calculations utilize the
III-V semiconductor material parameters for InAs, GaSb,
InAsSb, and GalnSb taken from a review article” published
in 2001, along with other parameters detailed below.

The bandgaps and valence band edges of InAsSb and
GalnSb are characterized by bowing model relationships. The
bandgap bowing parameter of InAsSb is 938 meV at low tem-
perature and 750 meV at room temperature, and the valence
band bowing parameter of InAsSb is —380meV at low tem-
perature and —367 meV at room temperature.”” The bandgap
bowing parameter of GalnSb is 413 meV at low temperature
and 398 meV at room temperature.21 The valence band bow-
ing parameter of GalnSb is zero implying that the bandgap
bowing occurs entirely in the conduction band of GalnSb; no
temperature dependence has been reported.” The InAsBi ma-
terial parameters are discussed in Section III and outlined in
Tables I and II; the Bi coupling parameter is assumed to be in-
dependent of temperature to calculate the InAs/InAsBi band
alignment at low temperature.

The strained band alignment of each superlattice is
established using the Pikus-Bir Hamiltonian,'®'" and the
electron, heavy hole, and light hole miniband energies and
wavefunctions are calculated using the Kronig-Penney
model.”>** The ground state transition energy (effective
bandgap) and wavefunction overlap square (quantity propor-
tional to absorption coefficient)® are determined as a function
of the free design parameters, and these key aspects of each
superlattice system are presented graphically in figures
referred to as the design space maps. For strain-balanced ma-
terial systems, the ground state transition energy is plotted
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on the vertical axis, alloy composition is plotted on the hori-
zontal axis, and contours of constant period thickness are
displayed in the plot. Similar figures are generated for
lattice-matched systems, except that the horizontal axis is
represented by one of the two constituent layer thicknesses,
generally the larger bandgap material for figure clarity. By
overlaying contours of constant wavefunction overlap square
onto the figure, optimal superlattice designs are readily iden-
tified as a function of ground state transition energy.

The optimal superlattice designs in this work have been
calculated at low temperature and at room temperature, and
the optimal design criteria are provided for the technologi-
cally important 3 to 5 and 8 to 12 um wavelength atmos-
pheric transmission windows. All material parameters
utilized in these calculations are provided in Appendix A.

V. LATTICE-MATCHED GaSb/InAsSb AND GaSb/
InAsBi SUPERLATTICES

The low and room temperature design space maps of the
lattice-matched GaSb/InAsg911Sbgogo superlattice system
are presented in Figs. 7(a) at 0K and 7(b) at 295K, which
plot the ground state transition energy of the superlattice
(solid curves) as a function of the GaSb layer thickness for
period thicknesses of 1, 3, 5, 8, 10, 12, and 15nm. The
bandgap energies of GaSb and InAsg 911Sbg g0 are indicated
in the figures as horizontal dash-dot lines. As the GaSb layer
thickness approaches zero, the ground state transition energy
of the superlattice approaches the bandgap energy of
Il’lAS()lgllsb(].()gg, and when the IHASO.QHSbO.Ogg layer thick-
ness approaches zero, the ground state transition energy of
the superlattice approaches the bandgap energy of GaSb. For
intermediate layer thicknesses, transition energies are
obtained anywhere between the bandgap energy of GaSb and
zero, and even negative (semimetallic) transitions; a result of
the type-II broken gap band alignment between GaSb and
InAsp.911Sbo.os9-

In order to identify which design will provide maximum
absorption for a given transition energy, contours of constant
wavefunction overlap squared (dotted curves) are overlaid
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FIG. 7. Ground state transition energy of lattice-matched GaSb/InAsg 9;1Sbg 0go superlattices as a function of GaSb layer thickness; (a) low temperature and
(b) room temperature. The solid curves are contours of constant superlattice period thickness. The dotted curves are contours of constant electron-hole wave-
function overlap squared expressed as a percentage. The minima in the wavefunction overlap square contours represent designs that provide maximum absorp-

tion for a given transition energy shown by the open circles.
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onto the figures. 100% wavefunction overlap occurs at the
bandgap energies of GaSb and InAsg 911Sbg og9 representing
limiting cases that arise when one layer constituent com-
prises the full period thickness of the superlattice. Between
the bandgap energies of GaSb and InAsgg;;Sbgoge, the
wavefunction overlap increases with decreasing period thick-
ness and 100% wavefunction overlap occurs in the limit that
the period thickness approaches zero. This region of the
design space is defined as the digital alloy regime because
the optimal design for a cutoff in this spectral range is an
infinitesimally short period superlattice that is a digital ana-
logzs’26 of the lattice-matched random quaternary alloy
(GaSb)_,(InAsg.911Sbg 0g9), that covers the same range with
100% wavefunction overlap.?

Perhaps more interesting, however, are the superlattice
designs below the bandgap energy of InAsgo;1Sbggos
much of which cannot be accessed using lattice-matched
(GaSb),_,(InAsp911Sbpg9),- In this region, defined as the
extended wavelength regime, longer wavelength transitions
become accessible as a result of the type-II band alignment
between GaSb and InAsg911Sbg go, but do so at the expense of
wavefunction overlap. For a given transition energy in the
extended wavelength regime, the design with the optimal wave-
function overlap occurs at the minimum of the wavefunction
overlap square contours. The optimal designs are shown by the
open circles and provide the best possible wavefunction overlap
for a given ground state transition energy of the superlattice.

Another design option at the GaSb lattice constant is the
lattice-matched GaSb/InAsg 93,Big osg superlattice shown in
Figs. 8(a) at OK and 8(b) at 295K. Similar to the GaSb/
InAsg.011Sbgggo superlattice, the GaSb/InAsg.93,Bigosg SYS-
tem also forms a type-II broken gap band alignment, and as a
result, the two design spaces bear many similarities. There is
a digital alloy regime between the bandgap energies of GaSb
and InAsgo3,Bigoes, an extended wavelength regime for
energies below the bandgap of InAsg93,Big oes, and a non-
trivial optimal design in the extended wavelength regime.
The key difference between the two superlattice systems is
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that a greater spectral range falls into the high wavefunction
overlap digital alloy regime in the GaSb/InAsg93,Big06s
superlattice due to the significantly smaller bandgap energy
of IHAS0A932Bi0.068.

VI. STRAIN-BALANCED InAs/InAsSb, InAs/GalnSb,
AND InAs/InAsBi SUPERLATTICES

In addition to lattice-matched designs, a variety of
strain-balanced superlattice systems can be grown at the
GaSb lattice constant including InAs/InAsSb, InAs/GalnSb,
and InAs/InAsBi. In each of these three material systems,
the InAs layers are under tensile strain which is compen-
sated by compressively strained InAsSb, GalnSb, or InAsBi
layers. The strain is balanced using the thickness-weighted
technique’ in which the magnitudes of the strain and thick-
ness product of the tensile and compressive layers are
equal. Equation (2) shows the thickness weighted strain-
balance expression for an InAs/InAsSb superlattice with
layer thicknesses dj,4s and djuassp and strains g,4; and
EInAsSh-

2

ernas X dinas + €massp X dipassy = 0.

The design space map of the strain-balanced InAs/InAsSb
superlattice system is presented in Figs. 9(a) at 0 K and 9(b) at
295K, where the ground state transition energy of the super-
lattice is plotted as a function of the InAsSb layer composition
for O (infinitesimal), 4, 7, 9, 12, and 20 nm period thicknesses
(solid curves). Also shown as a solid curve is a critical thick-
ness limit”” which signifies the maximum period thickness
that can be utilized before the individual InAs or InAsSb
layers begin to relax. Wavefunction overlap square contours
are represented with dotted curves which show that a digital
alloy regime is formed between the bandgap energies of ten-
silely strained InAs and lattice-matched InAsSb within which
the optimal design follows the infinitesimal (Onm) period
thickness design contour. Additionally, an extended wave-
length regime is formed below the bandgap energy of lattice-
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FIG. 8. Ground state transition energy of lattice-matched GaSb/InAs 93,Big o3 Superlattices as a function of GaSb layer thickness; (a) low temperature and (b)
room temperature. The solid curves are contours of constant superlattice period. The dotted curves are contours of constant electron-hole wavefunction overlap
squared expressed as a percentage. The minima in the wavefunction overlap square contours represent designs that provide maximum absorption for a given

transition energy shown by the open circles.
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matched InAsSb within which the optimal design follows the
minima of the wavefunction overlap square contours (open
circles).

Similar to the digital alloy regimes of the lattice-
matched designs discussed in Section V, the digital alloy
regimes of the strain-balanced superlattice designs are bound
by the bandgap energies of the superlattice constituents. This
particular characteristic of the design is a direct result of the
strain-balance condition’ given in Equation (2). For example,
the lower energy limit of the InAs/InAsSb digital alloy re-
gime coincides with the bandgap energy of InAsg 911Sbg ogo-
From the point of view of strain-balance, reducing the Sb
mole fraction (InAsSb strain) produces a corresponding
decrease in the ratio of the InAs to InAsSb layer thickness
dinas/dimassp- In the limit that the InAsSb layer strain
approaches zero, the InAs layer thickness is zero and the
InAsSb layer (lattice-matched InAsgg11Sbgoge) constitutes
the full period thickness of the design. The structure of the
superlattice becomes independent of period thickness as it
converges to bulk lattice-matched InAsg911Sbg g9, and the
superlattice effective bandgap converges to the bandgap
energy of bulk InAsg¢;1Sbg ggo; note the convergence of all
period thickness contours at the lattice-matched Sb mole
fraction of 8.9%.

Similarly, the upper energy limit of the digital alloy re-
gime approaches the heavy hole bandgap energy of tensilely
strained InAs. In this case, increasing the Sb mole fraction
(InAsSb strain) produces a corresponding decrease in the ra-
tio of the InAsSb and InAs layer thicknesses dyassp/dinas- If
the InAsSb layer strain could be made to be arbitrarily large,
then the InAsSb layer thickness would approach zero and the
superlattice would converge to bulk, tensilely strained InAs
on GaSb for all period thicknesses. In practice, the InAsSb
layer strain is limited to —5.91% for a unity Sb mole frac-
tion. As the InAs layer strain is 0.61%, the ratio djassp/dinas
can be no smaller than 0.1; as a result, the superlattice

converges to bulk, tensilely strained InAs on GaSb only for
very short period thicknesses.

The next design space considered is that of the strain-
balanced InAs/GalnSb superlattice shown in Figs. 10(a) at
0K and 10(b) at 295 K. The ground state transition energy of
the superlattice is plotted as a function of the GalnSb layer
composition for O (infinitesimal), 5, 7, 9, and 10 nm period
thicknesses (solid curves). Critical thickness limited designs
produce negative transition energies not seen in Fig. 10 due
to the type-II broken gap band alignment between InAs and
GalnSb. A digital alloy regime is formed between the GaSb
and tensilely strained InAs heavy hole bandgap energies
between which the optimal design contour follows the infini-
tesimal (O0nm) period thickness. The optimal design in the
extended wavelength regime originates at the bandgap
energy of tensilely strained InAs and extends to zero and
negative (semimetallic) transition energies.

Two important characteristics of the strain-balanced
type-II superlattice are observed in Figs. 9 and 10; (i) the
digital alloy regimes are bounded by the bandgap energies of
the fixed strain binary layers (tensile InAs) and the lattice-
matched compositions of the variable strain alloy layers
(GaSb and InAsg 911Sbg 0g9) and (ii) the extended wavelength
regime originates at the lower energy end of the digital alloy
regime with 100% wavefunction overlap. This suggests that
improved wavefunction overlap could be obtained at longer
wavelengths in the extended wavelength regime if a material
with a smaller lattice-matched bandgap energy was used in
place of InAsSb or GalnSb.

Referring back to Fig. 1, it can be seen that InAsBi pos-
sesses several appealing features for superlattice applica-
tions. InAsBi layers are compressively strained on GaSb for
Bi mole fractions >6.8%, its bandgap decreases at a greater
rate than either GalnSb or InAsSb, and it forms a type I band
alignment with InAs (see Fig. 6 inset). Furthermore, the
InAs/InAsBi superlattice is defined solely by the presence of
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FIG. 10. Ground state transition energy of strain-balanced InAs/GalnSb type-II superlattices as a function of GalnSb mole fraction on the lower horizontal
axis and strain on the upper horizontal axis; (a) low temperature and (b) room temperature. The solid curves are contours of constant superlattice period thick-
ness. The dotted curves are contours of constant electron-hole wavefunction overlap squared expressed as a percentage. The minima in the wavefunction over-
lap contours represent designs that provide maximum absorption for a given transition energy shown by the open circles.

Bi in the InAsBi layers and the absence of Bi in the InAs
layers, as the group-III sublattice is composed exclusively of
In atoms throughout the superlattice. As a result, the InAs/
InAsBi superlattice possesses a relatively simple interface
configuration and may therefore be expected to exhibit long
minority carrier lifetimes just as in the InAs/InAsSb superlat-
tice.”® The design space map of the strain-balanced InAs/
InAsBi superlattice system is presented in Figs. 11(a) at 0K
and 11(b) at 295 K.

Type-I band alignment between InAs and InAsBi modi-
fies the design space map in Fig. 11 in a few key ways
compared to the type-II superlattice design space maps
seen in Figs. 9 or 10. Type-I band alignment acts to keep
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wavefunction overlap relatively high in the extended wave-
length regime due to electrons and holes being confined in
the same layer (InAsBi). Type-I band alignment also causes
the wavefunction overlap square contours to become multi-
valued functions of Bi mole fraction, as 100% wavefunction
overlap occurs not just in the infinitesimal (0nm) period
thickness limit but also in the long period thickness limit
where the ground state transition energy approaches the
bandgap energy of bulk InAsBi. However, the long period
thickness region of the design space is of limited practical
use as these designs are essentially just thick, uncoupled
InAsBi layers between thick InAs layers which act to balance
the strain. In practice, the critical thicknesses of the
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FIG. 11. Ground state transition energy of strain-balanced InAs/InAsBi type-I superlattices as a function of InAsBi mole fraction on the lower horizontal axis
and strain on the upper horizontal axis; (a) low temperature and (b) room temperature. The solid curves are contours of constant superlattice period thickness
and the critical thickness limit indicates the maximum period thickness that can be grown before the constituent InAs or InAsBi layers begin to relax. The dot-
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optimal design operating at 295 K.

superlattice constituents ultimately limit the longest period
thickness designs that can be grown with high epitaxial
quality.

VIl. TEMPERATURE DEPENDENCE OF THE OPTIMAL
DESIGNS

In this section, the low and room temperature optimal
designs are compared to determine whether or not it is neces-
sary to calculate the optimal design parameters as a function
of temperature. In Fig. 12, wavefunction overlap square is
plotted as a function of ground state transition energy in the
extended wavelength regime of the optimal InAs/InAsSb
superlattice. The solid black curve represents the low tem-
perature (0K) optimal design from Fig. 9(a), and the solid
grey curve represents the room temperature (295 K) optimal
design from Fig. 9(b). Next, the transition energies and
wavefunction overlap square of the low temperature optimal
design are calculated at an operating temperature 295K
resulting in the dashed black curve which closely follows the
room temperature optimal design (grey curve) with virtually
no loss in wavefunction overlap.

These results indicate that the optimized InAs/InAsSb
superlattice design parameters are not a strong function of
temperature; the same conclusion is drawn from the tempera-
ture dependent analysis of the optimal InAs/GalnSb, InAs/
InAsBi, GaSb/Il’lAS()A()lle().()gg, and GaSb/IIIA50.932Bi0.O6g
superlattice systems. This characteristic of the superlattice
can be understood by considering how temperature modifies
the bulk band structure of the superlattice constituents.
When the temperature is changed, the conduction bands of
the two superlattice constituents generally shift in the same
direction and often by roughly the same amount. As a result,
the repeating potential in the conduction band is virtually
unchanged; the electron minibands shift with the bulk band
structure, while the wavefunctions are essentially unaltered.

J. Appl. Phys. 119, 225701 (2016)

The same is true of the hole minibands formed in the valence
band, and thus what is ultimately observed is that the ground
state transition energy primarily shifts with the bulk band
structure while wavefunction overlap is constant. Therefore,
it is only necessary to calculate the optimal design of a
superlattice system at a single temperature in order to deter-
mine the optimal layer thicknesses and mole fractions as a
function of wavefunction overlap. The ground state transi-
tion energy of the optimal design is the only parameter that
is a strong function of temperature.

VIIl. SUPERLATTICE ABSORPTION COEFFICIENT

The ground state absorption coefficient of each superlat-
tice agr, is computed as a function of the electron-hole wave-
function overlap square |‘I‘Z‘Pe\2 using Equation (3).® The
proportionality constant, «; in Equation (3), is the ground
state absorption coefficient realized in the superlattice when
the wavefunction overlap is unity. This constant can be deter-
mined experimentally from absorption coefficient measure-
ments and, for example, has been determined as 4990 cm™!
for the strain-balanced InAs/InAsSb superlattice system.®*’ In
the InAs/InAsSb superlattice design space (see extended
wavelength regime of Fig. 9), the 100% wavefunction overlap
superlattice design converges to bulk InAsgg;;Sbgogo in the
limit that the InAs layer thickness approaches zero and the Sb
mole fraction approaches the lattice-matched condition with
unstrained InAsSb constituting the full period thickness.

asL = oy X |PIWP, | (3)

For bulk material, there is only one analytical point in
the optical joint density of states at which the bandgap
absorption coefficient of the material o, is well defined (see
Fig. 4). For a superlattice there are two analytical points, one
at the lowest and one at the highest energy transition formed
between the ground state electron and hole minibands. The
lowest energy transition defines the effective bandgap of the
superlattice, whereas at the highest energy transition, the
superlattice density of states is constant in photon energy
and the absorption coefficient plateaus at ogp until the onset
of the next set of miniband transitions is reached. The maxi-
mum of the first derivative of the absorption coefficient iden-
tifies the point at which the optical joint density of states
increases at the greatest rate and hence provides reliable
measure of the superlattice effective bandgap. Nevertheless,
the steep rate of increase in the superlattice absorption coeffi-
cient at that point makes it difficult to accurately determine
the magnitude of the superlattice absorption coefficient at
the effective bandgap. Furthermore, since the optical joint
density of states and the absorption coefficient plateau at
as1, it can be reliably and reproducibly determined.® There is
no bulk material analog for gy, as it is unique to the super-
lattice optical joint density of states.

The room temperature absorption coefficient of bulk
InAsp911Sbgogo has been measured as a function of photon
energy using spectroscopic ellipsometry;?° the first derivative
maximum of the absorption coefficient identifies the bandgap
absorption coefficient o, as 2240 cm~ . The structure of the
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strain-balanced InAs/InAsSb superlattice is convergent on
bulk InAsgg11Sbgogo in the limit that wavefunction overlap
approaches 100%, at which point the absorption coefficient
ast, = oy =4990cm . The bandgap absorption coefficient Og
is smaller than o as it is measured at a lower density of states.
For comparison, the absorption coefficient of InAsg911Sbg ogo
reaches 4990cm ™' (a;) when the photon energy is 30 meV
greater than the bandgap, which is consistent with the width
of the ground state electron miniband in a typical strain-
balanced InAs/InAsSb superlattice.

Equation (3) is useful in that it can be employed to deter-
mine the absorption coefficient of a given superlattice design
from the calculated wavefunction overlap, provided the unity
wavefunction overlap absorption coefficient o; is known. To
date o; has been measured for strain-balanced InAs/InAsSb
superlattices.® Comparison of the measured bandgap absorp-
tion coefficient of bulk InAsj911Sbggo o, = 2240 cem~ ! and
o =4990 cm ! indicates that op = CsL X o, with the constant
of proportionality Csp =2.228. Provided this relationship is
true in other material systems, the unity wavefunction overlap
absorption coefficient oy in Equation (3) can be replaced with
the product of Csp and o, as shown in Equation (4). The sig-
nificance of this relationship is the bulk bandgap absorption
coefficient o, is simpler to determine than o;.

asL = (Csp X o) X [P, . )

The bandgap absorption coefficient o, is plotted in
Fig. 13 versus the low temperature (solid squares) and room
temperature (solid circles) bandgap energy for bulk GaAs,
IIlP, GaSb, InAs, IHASQ.gllsbo_ogg, InSb, and IHASQ.936Bi0_064.
The dashed and solid lines are power law equations fit to the
respective low and room temperature results, with power law
1.00 observed at low temperature and power law 0.87 at
room temperature. The bandgap energies and bandgap

Room Temperature

10 o, =5710 x (E,)°"

10° |
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7 InAsogaeBioue«a a‘g = 5330 X (Eg)1 .
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FIG. 13. Bandgap absorption coefficient of various bulk ITII-V semiconduc-
tors as a function of bandgap energy at low temperature (squares) and at
room temperature (circles). For all materials, the bandgap energy shifts left
to lower energies as the temperature increases. The dashed and solid lines
are power law fits to the low and room temperature data, with the best fit
equations shown.
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TABLE III. Bandgap energy E, and bandgap absorption coefficient o, of
bulk III-V binary and ternary alloys determined using spectroscopic
ellipsometry.

Material E, at 295K (eV) E,at 0K (eV) ocg(cm’l)
GaAs 1.425 1.519 7700
InP 1.348 1.424 7615
GaSb 0.730 0.812 3820
InAs 0.357 0.417 2550
InSb 0.182 0.235 1112
InAsg.911Sbo.0g0 0.277 0.325 2240
InAs.036Bi0.064 0.061 0.104 503

absorption coefficients are summarized in Table III. In these
materials, the functional form and magnitude of the optical
joint density of states is insensitive to temperature, while the
accompanying bandgap energy is strongly temperature
dependent.

The bandgap absorption coefficient o, and room temper-
ature bandgap energy are obtained from spectroscopic ellips-
ometry measurements and analysis of each material
absorption coefficient as a function of energy. In the analy-
ses, the bandgap absorption coefficient and energy are deter-
mined using the first derivative maximum method.*® The low
temperature bandgap energies are obtained from the litera-
ture for the binary materials> and InAsgo;;Sbo g, " and
from this work for InAsg 93,Big ga4-

These results show that the bandgap absorption coeffi-
cient significantly decreases with bandgap energy, which is
primarily due to a strong reduction in the optical joint den-
sity of states in small bandgap III-Vs. On the other hand,
superlattices maintain a relatively constant optical joint
density of states within a given set of miniband transitions
and the reduction observed in the superlattice bandgap
absorption coefficient with effective bandgap energy is
mainly due to a reduction in the wavefunction overlap
square.®

IX. COMPARING ABSORPTION AND PRACTICAL
DESIGN CONSIDERATIONS

The absorption coefficients of the superlattice systems dis-
cussed in Sections V and VI are calculated as a function of
wavefunction overlap square using Equation (4), the constant
of proportionality Csp =2.228, and the bandgap absorption
coefficients o, listed in Table III. The 100% wavefunction
overlap designs for lattice-matched GaSb/InAsgg11Sbg ogo and
strain-balanced InAs/InAsSb superlattices both converge to
bulk InAsg911Sbg.ogo (see Figs. 7 and 9), and thus the measured
value of oy =Cs, X oz =4990 cm ™! for InAs/InAsSb super-
lattices is used. For lattice-matched GaSb/InAsg936Big .06
and strain-balanced InAs/InAsBi superlattices, the bandgap
absorption coefficient for bulk InAsgo36Bigoss 15 used with
oy =Csr. X oy = 1120 cm . Likewise for strain-balanced
InAs/GalnSb superlattices, the bandgap absorption coefficient
for bulk InAs is utilized with o; = Csp. X oy = 5680 cm L In
the digital alloy regimes, the absorption coefficients are calcu-
lated by interpolating oy as a function of energy between the
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two endpoint materials of the digital alloy, and scaling the re-
sultant absorption coefficient by the square of the electron-hole
wavefunction overlap.

The absorption coefficients of the strongest possible
absorbing superlattice designs in the extended wavelength re-
gime are provided in Fig. 14 as a function of the low tempera-
ture ground state transition energy (lower horizontal axis) and
the corresponding wavelength cutoff (upper horizontal axis).
The overall optimal designs are shown in Fig. 14(a), and the
practical designs limited by achievable material strain and
thicknesses are shown in Fig. 14(b). The three strain-balanced
systems (InAs/InAsSb, InAs/GalnSb, and InAs/InAsBi) are
shown by solid curves, and the two lattice-matched systems
(Gasb/Il’lASO.gllst.ogg and GaSb/InAsO_936Bi0_068) are shown
by dotted curves. To compare the absorption strength of the
optimal superlattice designs with that of bulk material,
the power law fit for low temperature bulk material shown in
Fig. 13 is scaled by the proportionality constant Cgy, and dis-
played by the dashed line; the resulting equation is 2.228
x 5.330 cmfl/meV x E,, where E, is the ground state transi-
tion energy in units of meV.

For the InAsSb- and InAsBi-based superlattices, the
strain-balanced systems provide stronger absorption as a
function of transition energy than their lattice-matched
counterparts. Physically, this occurs because the strain-
balanced systems utilize the ternary layer mole fraction as a
free design parameter which allows more favorable band
alignments to be established. For all five superlattice sys-
tems, the absorption coefficient decreases as the wavefunc-
tion overlap becomes weaker with increasing wavelength
cutoff, and the rate at which the absorption coefficient
decreases is lowest for the strain-balanced InAs/InAsBi
superlattice due to its type-I band alignment. In fact for
very long wavelengths (>12 um), the rate at which the
strain-balanced superlattice absorption coefficients decrease
with photon energy due to decreasing wavefunction overlap
(solid curves) is significantly less than the rate at which the
bulk absorption coefficient decreases (dashed line), indicat-
ing that superlattice-based designs may be preferable to
bulk material in terms of absorption strength for longer
wavelength applications.

While the optimal designs discussed thus far are useful as
a design guide, the practical design must abide by additional
constraints inherent to epitaxial growth. For example, the
magnitude of the strain on the constituent layers becomes a
practical design concern as the optical quality degrades rap-
idly when the material is heavily strained, even if the layer is
pseudomorphic. Fig. 14(b) shows the practical design curves
in which the magnitude of the ternary layer strain in the
strain-balanced superlattice systems is limited to 2.0%, which
limits the Sb mole fraction to 0.385 in InAsSb and the In
mole fraction to 0.324 in GalnSb. With this added constraint,
the strain-balanced InAs/InAsSb superlattice is most strongly
influenced; however, it still outperforms its lattice-matched
counterpart GaSb/InAsg911Sbgoge. On the other hand, the
strain-balanced InAs/GalnSb superlattice is influenced less
because the wavefunction overlap square contours in this sys-
tem are relatively flat in the vicinity of the optimal design (see
Fig. 10) resulting in an optimal design that is relatively insen-
sitive to In-content. Nevertheless, the strain-balanced InAs/
InAsSb superlattice offers a significantly longer minority car-
rier lifetime compared to the strain-balanced InAs/GalnSb
superlattice.”® Absorption in the strain-balanced InAs/InAsBi
superlattice is not impacted by the —2% strain limit as the
InAsBi strain in the optimal design never exceeds —1%.

While none of the optimal designs investigated exceed
the critical thickness limit which would effectively limit the
maximum layer thicknesses that could be utilized, several
designs do converge upon the infinitesimal (Onm) period
thickness limit. In addition to the strain limit, the practical
design also enforces a minimum layer thickness of 0.50 nm
as a practical limit of how thin these layers could be grown.
This constraint mainly appears in the digital alloy regimes
of the superlattice designs investigated; however, it also
limits the utility of the two lattice-matched systems which
require GaSb thicknesses <0.50nm to reach near-unity
wavefunction overlap. The practical and optimal design pa-
rameters for the lattice-matched GaSb/InAsg9;1Sbg ggo and
GaSb/InAsg 93,Big0eg  superlattices and strain-balanced
InAs/InAsSb, InAs/GalnSb, and InAs/InAsBi superlattice
systems are presented for several key wavelengths in
Appendix B.
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X. VERIFICATION OF THE InAs/InAsSb MID-WAVE
OPTIMAL DESIGN

The optimal design criteria in Appendix B are utilized
in the design and growth of an optimized mid-wave infrared
strain-balanced InAs/InAsSb superlattice. The sample is
composed of alternating InAs (2.16 nm) and InAsg gp25bo. 108
(1.51 nm) layers with a total thickness of 1 um sandwiched
between 10 nm thick AlSb confinement layers with a 10 nm
thick GaSb cap. The sample is grown at 425 °C on a (100)-
oriented GaSb substrate by molecular beam epitaxy using a
0.5 monolayer per second InAs growth rate and a constant
1.20 As/In flux ratio. The structural properties of the super-
lattice are measured using X-ray diffraction. The uninten-
tional Sb in the InAs layers of the superlattice is not
quantifiable due to the short period thickness of this sample;
therefore, an unintentional Sb mole fraction of 0.024 is
assumed based on the unintentional Sb measured in other
InAs/InAsSb superlattices grown under the similar condi-
tions.?’ The sample cross section is shown in the inset of
Fig. 15.

The software tool (see Section IV) utilized to calculate
the miniband structure of the superlattice indicates that the
ground state transition energy of the superlattice is
305.9meV (4.1 um wavelength) at low temperature and
258.1meV (4.8 um wavelength) at room temperature, and
the square of the electron-hole wavefunction overlap at the
ground state is 94.3%. The room temperature absorption
coefficient of the superlattice measured by spectroscopic
ellipsometry is shown in Fig. 15. The ground state transition
energy (effective bandgap) of the superlattice is identified at
the absorption coefficient first derivative maximum at
257 meV, at which point the absorption coefficient increases
rapidly to a value of 4750 cm ™.

The absorption coefficient (¢gy ) of strain-balanced InAs/
InAsSb superlattices as a function of the wavefunction over-
lap square is shown in Fig. 16. The data represented by open
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FIG. 15. Room temperature absorption coefficient of a strain-balanced InAs/
InAsSb superlattice optimized for maximum absorption at a ground state
transition energy of 257 meV (4.8 um wavelength). Inset shows the sample
cross section.
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FIG. 16. Ground state absorption coefficient of strain-balanced InAs/InAsSb
superlattices as a function of the square of the electron-hole wavefunction
overlap. The solid line shows a unity power law fit to the data from Ref. 8
(open circles). The solid circle shows the optimized mid-wave infrared
InAs/InAsSb superlattice result with 94.3% wavefunction overlap square.

circles are taken from Ref. 8 with the wavefunction overlap
values updated to account for the unintentional incorporation
of Sb in the InAs layers of the superlattices.”’ These data
yield the unity power law fit (solid line) with the 100%
wavefunction overlap absorption coefficient of 4990 cm ™'
that is utilized in Sections VIII and IX. The solid circle
shows the absorption coefficient from the optimized InAs/
InAsSb superlattice design (Fig. 15 inset) with 94.3% wave-
function overlap square, which is in good agreement with
that predicted by Equation (4).

A Nicolet Instrument Corporation Magna-IR 760
Fourier transform infrared spectrometer is used to measure
room temperature photoluminescence from the 1.0 um thick
optimal InAs/InAsSb superlattice grown at 425 °C as well as
a 0.5 um thick bulk lattice-matched InAsg 911Sbgogo sample
grown at 430 °C.?° The samples are excited using an 808 nm
pump laser and 200 mW of laser power. The pump power
density reaching the active region of each sample is
265W cm ? which corresponds to an excitation density of
1x10*cm s~ in the superlattice and 2 x 10*°cm s~
in the bulk InAsg911Sbgogo sample. The raw photolumines-
cence from the superlattice (dotted black curve) and the bulk
InAsgo11Sbg.ogo layer (dotted grey curve) are plotted as a
function of photon energy (lower horizontal axis) and photon
wavelength (upper horizontal axis) in Fig. 17. The raw pho-
toluminescence spectra exhibit an absorption feature near
290 meV due to the presence of CO, in the air which is cor-
rected in the solid black and grey curves by scaling the spec-
tra according to the optical throughput of the system.

The photoluminescence first derivative maximum is
used to identify the room temperature bandgap energy of the
bulk InAsg 911Sbg.ogo sample as 275 meV, which is in agree-
ment with a room temperature bandgap energy of 277 meV
measured using spectroscopic ellipsometry.”® Using the
same analysis on the superlattice, the photoluminescence
first derivative maximum identifies an effective bandgap
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FIG. 17. Room temperature photoluminescence from bulk lattice-matched
InAso.011Sbg ogo (grey curves) and an InAs/InAsSb superlattice designed to
provide optimal wavefunction overlap square at 4.8 um wavelength (black
curves). Dotted curves show the raw photoluminescence spectra while solid
curves show the spectra after correcting for the optical throughput of the
system.

249 meV, which likewise agrees with the 257 meV bandgap
measured using spectroscopic ellipsometry in Fig. 15. By
integrating the photoluminescence spectra as a function of
photon energy, a relative measure of the total optical output
and general optical quality is obtained. The total integrated
intensity from the optimized superlattice is more than a fac-
tor of three greater than the integrated intensity from the
bulk InAsg911Sbg.0go sample. The superior optical quality of

J. Appl. Phys. 119, 225701 (2016)

the superlattice is attributed to the high wavefunction overlap
of the optimized design and the long minority carrier life-
times inherent to this material system.®

XI. CONCLUSIONS

The valance band anticrossing model is fit to room tem-
perature measurements of the bulk bandgap energies of
InAsg.036Bigoss (60.6 meV) and InAs (354.0meV) to experi-
mentally determine the Bi coupling parameter (1.529eV) for
the InAsBi material system. A software tool is developed that
determines the miniband structure of semiconductor superlat-
tices and identifies the optimal strain-balanced and lattice-
matched designs for maximum wavefunction overlap. The
best superlattice design parameters are provided for lattice-
matched Gasb/InASO.gllst.ogg and GaSb/InAsO_932BiO_06g and
strain-balanced InAs/InAsSb, InAs/GalnSb, and InAs/InAsBi
on GaSb. The expected ground state absorption coefficients
for these designs are provided as a function of ground state
transition energy. The strain-balanced InAs/InAsSb superlat-
tice best design with a low temperature 4.1 um (306 meV)
wavelength cutoff (4.8 um at room temperature) is grown,
measured, and provided the ground state absorption coeffi-
cient predicted by the model.
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APPENDIX A: MATERIAL PARAMETERS FOR SUPERLATTICE DESIGN CALCULATIONS

Table of structural and band structure parameters utilized in the design optimization calculations.

Parameter Ga,_In,Sb

InAs,_,Sb, InAs;_Bi,

0K unstrained conduction
band edge (meV)

295 K unstrained conduction
band edge (meV)

0K unstrained valence

band edge (meV)

295 K unstrained valence
band edge (meV)

Electron effective mass

x(235)+ (1 — x) (782) — x-(1 — x) (413)
x(172) + (1 = x) (699) — x-(1 — x) (398)
(I'=x) (=30)

(I —x) (=30)

x:(0.0135) + (1 — x) (0.0400)
—x-(1 —x) (0.0092)

x:(0.2632) 4 (1 — x) (0.2500)
x:(0.0152) 4+ (1 — x) (0.0439) — x-(1 — x) (0.0110)
x:(0.64792) 4+ (1 — x) (0.60957)
x:(0.3530) + (1 — x) (0.3129)
x:(—6.94) + (1 — x) (—7.50)

Heavy hole effective mass
Light hole effective mass
Lattice constant (nm)
Poisson’s ratio

Conduction band deformation
potential (eV)

Valence band deformation
potential (eV)

Shear deformation

potential (eV)

x(—=0.36) + (1 — x) (—0.80)

—2.00

Xx(235) 4+ (1 — x) (-173) — x-(1 — x) (558) x(-1411) + (1 — x) (-173)

x-(172) + (1 — x) (—=236) — x-(1 —x) (383) x-(—1411)+ (1 — x) (—236)

(1 —x) (—=590) — x-(1 — x) (—380) Band anticrossing model:
See Equation (1) and Table I
Band anticrossing model:
See Equation (1) and Table I

(1 —x) (=590) — x:(1 — x) (—367)

x(0.0135)+ (1 — x) (0.0260) 0.0260
— x(1 — x) (0.0350)

1(0.2632) + (1 — x) (0.3333) 0.3333

1(0.0152) + (1 — x) (0.0270) 0.0270

x-(0.64792) + (1 — x) (0.60582)
x-(0.3530) + (1 — x) (0.3521)

x:(0.66108) 4 (1 — x) (0.60582)
x-(0.3503) + (1 — x) (0.3521)

x(—6.94) + (1 — x) (=5.08) —5.08
x-(=0.36) + (1 — x) (—1.00) —1.00
x(=2.00) + (1 — x) (—1.80) —1.80
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APPENDIX B: SUPERLATTICE OPTIMAL DESIGN CRITERIA

Design parameters for the lattice-matched GaSb/InAsgo11Sbgoge and GaSb/InAsg 932Biggsg superlattices. Electron-hole
wavefunction overlap square |V} ¥, 2 absorption coefficient «gp, and the superlattice constituent layer thicknesses are pro-
vided for several key detector wavelengths at low temperature (0K) and at room temperature (295 K). When the optimal
design calls for thicknesses less than 0.500 nm, an alternate set of practical design parameters is also provided which limit the
minimum layer thickness to 0.500 nm. The horizontal dashed line separates designs in the digital alloy regime (above) and
extended wavelength regime (below). In the digital alloy regime, the optimal design calls for an infinitesimal period thickness
superlattice; therefore, only the practical design parameters are given.

Detector wavelength (um) Wavefunction Absorption
overlap square coefficient GaSb InAsgo11Sbg 059 Optimal
at 0K at 295K [V, Y. |2 (%) asy (cm ™) thickness (nm) thickness (nm) or practical

Lattice-matched GaSb/InAsg 911Sbg 0g9

3.0 35 97.4 5484 0.500 1.540 Practical
4.0 4.8 71.2 3553 0.550 4.630 Optimal
5.0 6.4 46.3 2310 1.170 4.350 Optimal
8.0 12.1 23.8 1188 1.870 5.650 Optimal
10.0 17.2 18.2 908 2.050 6.380 Optimal
12.0 239 15.0 749 2.210 6.880 Optimal
15.0 39.1 12.2 609 2.400 7.400 Optimal
Detector wavelength (um) Wavefunction Absorption

overlap square coefficient GaSb InAsg 93-Big g63 Optimal
atOK at295K |V, Y. 1 (%) oy, (cm ™) thickness (nm) thickness (nm) or practical

Lattice-matched GaSb/InAsg 93:Big 0ss

3.0 3.6 99.8 4334 0.500 0.610 Practical
4.0 5.1 99.3 3240 0.500 1.090 Practical
5.0 6.7 98.3 2571 0.500 1.640 Practical
8.0 132 90.0 1479 0.500 3.830 Practical
10.0 19.4 76.8 1013 0.500 5.810 Practical
12.0 28.0 60.0 667 0.280 13.900 Optimal
12.0 28.4 58.2 647 0.500 8.300 Practical
15.0 55.1 40.7 453 0.860 7.160 Optimal

Design parameters for the strain-balanced InAs/InAsSb, InAs/GalnSb, and InAs/InAsBi superlattices. Electron-hole wave-
function overlap square |V}, 2, absorption coefficient ogy , and the superlattice constituent layer thicknesses and mole fractions
are provided for several key detector wavelengths at low temperature (0 K) and at room temperature (295 K). When the optimal
design calls for thicknesses less than 0.500 nm or strain exceeding =2%, an alternate set of practical design parameters is also pro-
vided which limit the minimum layer thickness to 0.500 nm and the maximum strain to *2%. The horizontal dashed line separates
designs in the digital alloy regime (above) and extended wavelength regime (below). In the digital alloy regime, the optimal design
calls for an infinitesimal period thickness superlattice; therefore, only the practical design parameters are given.

Strain-balanced InAs/InAsSb.

Detector wavelength (um) Wavefunction

overlap square Absorption InAs InAsSb Sb mole Optimal
at 0K at 295K [V, Y. 1 (%) coefficient oy (cm™") thickness (nm) thickness (nm) fraction or practical
4.0 4.8 94.6 4721 1.884 1.396 0.211 Optimal
5.0 6.3 66.3 3308 3.749 1.121 0.395 Optimal
5.0 6.3 66.3 3308 3.748 1.162 0.384 Practical
8.0 12.3 37.5 1871 5.780 1.160 0.550 Optimal
8.0 12.1 34.8 1737 6.694 2.076 0.384 Practical
10.0 18.0 31.3 1562 6.484 1.196 0.592 Optimal
10.0 17.5 26.6 1327 8.465 2.625 0.384 Practical
12.0 26.2 27.7 1382 6.970 1.220 0.620 Optimal
12.0 25.1 21.2 1058 10.168 3.152 0.384 Practical
15.0 473 24.5 1223 7.472 1.248 0.646 Optimal

15.0 44.8 15.5 774 12.595 3.905 0.384 Practical
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Strain-balanced InAs/GalnSb.

J. Appl. Phys. 119, 225701 (2016)

Detector wavelength (um) Wavefunction

overlap square Absorption InAs thickness GalnSb thickness In mole Optimal
atOK at 295K \‘P,*I‘P(,|2 (%) coefficient oy (cm™") (nm) (nm) fraction or practical
3.0 3.6 95.7 5501 1.488 0.502 0.297 Practical
4.0 5.0 74.4 4226 3.239 0.491 0.676 Optimal
4.0 5.1 71.3 4050 2.642 0.818 0.324 Practical
5.0 6.7 55.5 3152 3.584 0.806 0.450 Optimal
5.0 6.8 54.7 3107 3.275 1.015 0.324 Practical
8.0 13.6 34.8 1977 4.623 1.177 0.396 Optimal
8.0 13.7 34.5 1960 4.398 1.362 0.324 Practical
10.0 20.6 29.3 1664 5.143 1.257 0.413 Optimal
10.0 20.8 28.9 1642 4.848 1.502 0.324 Practical
12.0 314 259 1471 5.551 1.299 0.432 Optimal
12.0 31.8 25.5 1448 5.176 1.604 0.324 Practical
15.0 65.6 229 1301 6.012 1.328 0.458 Optimal
15.0 67.8 222 1261 5.535 1.715 0.324 Practical
Strain-balanced InAs/InAsBi
Detector wavelength (um) Wavefunction

overlap square Absorption InAs thickness InAsBi Bi mole Optimal or
at 0K at 295K [V, Y. \2 (%) coefficient o (cm™") (nm) thickness (nm) fraction practical
10.0 19.0 99.7 1410 0.500 0.760 0.113 Practical
12.0 27.8 98.3 1093 0.427 4.083 0.075 Optimal
12.0 27.9 98.2 1092 0.500 3.350 0.078 Practical
15.0 51.5 91.6 1019 1.322 2.008 0.113 Optimal
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