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The structural and optical properties of lattice-matched InAs0.911Sb0.089 bulk layers and strain-

balanced InAs/InAs1�xSbx (x� 0.1–0.4) superlattices grown on (100)-oriented GaSb substrates by

molecular beam epitaxy are examined using X-ray diffraction, spectroscopic ellipsometry, and tem-

perature dependent photoluminescence spectroscopy. The photoluminescence and ellipsometry

measurements determine the ground state bandgap energy and the X-ray diffraction measurements

determine the layer thickness and mole fraction of the structures studied. Detailed modeling of the

X-ray diffraction data is employed to quantify unintentional incorporation of approximately 1% Sb

into the InAs layers of the superlattices. A Kronig-Penney model of the superlattice miniband struc-

ture is used to analyze the valence band offset between InAs and InAsSb, and hence the InAsSb

band edge positions at each mole fraction. The resulting composition dependence of the bandgap

energy and band edge positions of InAsSb are described using the bandgap bowing model; the re-

spective low and room temperature bowing parameters for bulk InAsSb are 938 and 750 meV for

the bandgap, 558 and 383 meV for the conduction band, and �380 and �367 meV for the valence

band. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939293]

I. INTRODUCTION

The strain-balanced InAs/InAsSb type-II superlattice

exhibits many favorable and unique properties to justify its

utilization in high-performance infrared optoelectronic devi-

ces; however, accurate modeling of the superlattice miniband

structure necessary for design optimization relies on accurate

knowledge of the InAsSb bandgap and band edge posi-

tions.1,2 A definitive measurement of the bandgap energy of

a ternary semiconductor alloy is difficult to obtain due in

part to the fact that the alloy is generally not lattice-matched

to the underlying substrate. Consequently, the band edge

energies of the alloy are modified depending on whether the

lattice is coherently strained or partially relaxed. The

bandgap energy can be measured in relaxed material, but

even very thick layers can retain some residual strain and the

misfit dislocations that result are highly detrimental to the

optical quality of the material. Alternatively, if strain and

confinement effects can be accurately accounted for, then the

bandgap energy can be determined from thin layers that

accommodate the lattice strain; however, small bandgap

alloys are particularly difficult to assess with this method, as

confinement and strain effects become increasingly more

significant as the bandgap energy is reduced. Nevertheless

once these measurements are made on a set of samples, the

bandgap energy of the alloy is generally expressed as a func-

tion of mole fraction and fit to a second order polynomial.

The second order polynomial coefficient is referred to as the

bowing parameter3 and is reported by many authors.

An extensive literature review indicates that a com-

monly accepted bandgap bowing parameter for InAsSb is

670 meV;4 however, much of the work referenced therein

assumes that the materials measured are fully relaxed. If the

material is not fully relaxed, the residual compressive strain

will increase the bandgap energy resulting in an underesti-

mation of the bandgap bowing parameter of the free-standing

material. The minimum bandgap energy that can be achieved

with a 670 meV bandgap bowing parameter is 146 meV

(8.5 lm wavelength), which occurs for a Sb mole fraction of

0.636. However, in 1988 emission at wavelengths as long as

10 lm are reported for photoluminescence5 and photocon-

ductance6 measurements of metamorphic InAsSb layers

grown by molecular beam epitaxy on GaAs substrates, indi-

cating that the bandgap bowing parameter is greater than

670 meV. More recently, 1 lm thick lattice-matched InAsSb

layers have been grown on metamorphic AlGaInSb buffers

by molecular beam epitaxy,7 and a 870 meV bandgap bow-

ing parameter is obtained from photoluminescence measure-

ments at low temperature.8 Reciprocal space maps and

transmission electron microscopy techniques verified that the

InAsSb layers are unstrained and without ordering.

A comprehensive literature review finds a large spread in

the reported values of the InAsSb band edge positions and

describes how precise estimates of the conduction and valence

band edge positions rely on accurate knowledge of the materi-

als bandgap bowing parameter.9 In Section II, the low anda)Electronic mail: shane.johnson@asu.edu
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room temperature bandgap energies of InAs0.911Sb0.089 are,

respectively, determined using photoluminescence and ellips-

ometry measurements, and these values are used to determine

the low and room temperature bandgap bowing parameters of

InAsSb. In Section III, the low and room temperature ground

state transition energies of strain-balanced InAs/InAsSb

superlattices are, respectively, determined using photolumi-

nescence and spectroscopic ellipsometry. In Section IV, the

InAs/InAsSb band offset is a free parameter in the analysis

and comparison of the superlattice ground state transition

energies measured in Section III, and the band offset of each

superlattice sample is determined using a Kronig-Penney

model. The measured band offsets along with the measured

InAsSb bandgap bowing parameter determine the conduction

and valence band bowing parameters of InAsSb.

II. ELLIPSOMETRY AND PHOTOLUMINESCENCE
OF InAs0.911Sb0.089

The bulk InAsSb layer used to determine the bandgap

bowing parameter of InAsSb is precisely lattice-matched to

GaSb. The sample is grown by molecular beam epitaxy at

430 �C on a quarter of a 50 mm (100) 6 0.1� GaSb substrate,

consists of a 500 nm thick InAs0.911Sb0.089 layer sandwiched

between two 10 nm thick AlSb layers that provide carrier

confinement for photoluminescence experiments, and the

entire structure is capped with 10 nm of GaSb to prevent oxi-

dation of the upper AlSb layer. X-ray diffraction measure-

ments are performed using a PANalytical X’Pert PRO

Materials Research Diffractometer. The incident beam optics

consist of an X-ray mirror and a 2-crystal Ge (220) 4-bounce

monochromator with a 0.25� divergence slit, and a 1/4 in.

width mask is used to probe a large area of the sample. The

diffracted beam optics utilize a triple axis monochromator

and a 0.50� slit placed before the detector. The precise

lattice-matched composition is determined from coupled x-

2h X-ray diffraction scans from the (004)-planes of a series

of calibration samples shown in the inset of Fig. 1. The mole

fractions are determined using the commercial dynamical X-

ray diffraction software X’pert Epitaxy;10 Sb mole fractions

of 0.093 and 0.087 are determined from the diffraction pat-

terns of calibration samples 1 and 2 in the figure (dotted and

dotted–dashed black curves), and the lattice-matched mole

fraction of 0.0891 is inferred from the diffraction pattern of

the lattice-matched sample (solid black curve) as the sub-

strate and layer diffraction peaks are coincident in this sam-

ple and are no broader than the diffraction peak from a bare

GaSb wafer (solid grey curve). Pendell€osung fringes which

arise as a result of the 10 nm thick AlSb layers that sandwich

the lattice-matched InAsSb attest that the layer thickness is

500 6 20 nm. The same piece of the InAs0.911Sb0.089 sample

on which X-ray diffraction is performed is then cleaved into

photoluminescence and ellipsometry samples, and the latter

is backside roughened with 320 grit sandpaper to diffusely

scatter any light that may reach the backside of the

semitransparent GaSb wafer during the ellipsometry

measurement.

The optical constants of the InAs0.911Sb0.089 layer are

measured at room temperature using an infrared variable

angle spectroscopic ellipsometer11 that covers the 30 to

800 meV (40–1.55 lm wavelength) photon energy range.

The optical constants are obtained from the measured ellip-

sometric parameters W and D, using the basic wavelength-

by-wavelength (point-by-point) analysis method12 in the

same manner as in Ref. 2. This results in the actual measured

optical constants unmodified by any particular fitting or

smoothing model such as the general oscillator model and its

various functional forms. The extinction coefficient k and

photon wavelength k are used to calculate the absorption

coefficient a ¼ 4pk=k. As the absorption coefficient is pro-

portional to the optical joint density of states, its first deriva-

tive as function of energy is used to identify the maximum

change in the optical joint density of states and hence the

energy at which the onset of optical transitions involving the

continuum band edges occurs. The absorption coefficient of

InAs0.911Sb0.089 is presented in Fig. 1 alongside its first de-

rivative that shows two distinct absorption features occurring

at 225 and 277 meV. The 225 meV feature is the cutoff in the

below bandgap absorption, which is the point at which

absorption in the 500 nm thick layer is no longer observable.

The 277 meV feature is onset of optical transitions involving

the continuum band edges of the fundamental bandgap.

Photoluminescence is measured as a function of temper-

ature (15–295 K) and pump power (0.1–200 mW) using a

Nicolet Instrument Corporation Magna-IR 760 Fourier trans-

form infrared spectrometer and an 808 nm pump laser with

spot diameter of 183 lm. The corresponding pump power

density at the upper InAsSb layer interface is 0.133 to

265 W cm�2, and the corresponding carrier excitation density

in the InAsSb layer is 1� 1022 to 2� 1025 cm�3 s�1. The

bandgap energy is determined at each temperature using two

FIG. 1. Absorption coefficient (black curve) of InAs0.911Sb0.089 and its first

derivative (grey curve). Two absorption onsets are identified from two peaks

in the first derivative, one at the onset of sample absorption (225 meV) and

one at the bandgap energy (277 meV). Inset shows coupled x-2h X-ray dif-

fraction scans from the (004)-planes of a series of calibration samples (dotted

and dotted-dashed black curves) used to precisely hone in on the composition

of the lattice-matched InAsSb sample (solid black curve). X-ray diffraction

from a bare GaSb wafer is shown for comparison (solid grey curve).
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methods, both of which are demonstrated using the 30 K

photoluminescence spectra plotted in Fig. 2. In the peak

method, the bandgap energy (Ep) is identified as the photolu-

minescence peak energy minus kT/2.13 This method assumes

an idealized parabolic band cutoff in the density of states of

bulk material, ignoring the impact of localized states found

near the continuum band edges in real material.14,15 In the

photoluminescence first derivative method, the bandgap

energy (Eg) is identified as the maximum of the first deriva-

tive of the photoluminescence spectra (shown in the Fig. 2

inset), which identifies the maximum change in the optical

joint density of states at the bandgap energy. Note that both

methods correctly identify the bandgap energy in the ideal-

ized case of a perfectly sharp band edge cutoff specified by

the parabolic band model.

Two injection level regimes are indicated in Fig. 2; at

high injection, the photoluminescence peak blue shifts with

increasing excitation density, while at low injection the photo-

luminescence peak energy is independent of excitation den-

sity. When identifying the bandgap energy using the peak

minus kT/2 method, the low injection photoluminescence

peak position is used and results in a 30 K bandgap energy

(Ep¼ 327.2 meV) specified by the peak position (328.5 meV)

less kT/2 (1.3 meV). On the other hand, using the first deriva-

tive maximum, a 30 K bandgap energy (Eg¼ 324.5 meV) is

identified that is 2.7 meV smaller. The significance of the first

derivative maximum method is that it indicates the energy at

which the product of the optical joint density of states and

photon occupation number increases at the greatest rate. Since

the optical joint density of states rapidly increases at the onset

of optical transitions involving the electron and hole contin-

uum band edges (i.e., at the bandgap) and the occupation

number decreases at a slower rate, the analysis has good sensi-

tivity to the bandgap position and is less sensitive to injection

level. As can be seen in the inset of Fig. 2, the first derivative

peak position is insensitive to the carrier excitation rate and

hence the carrier occupation.

The InAs0.911Sb0.089 bandgap energies as a function of

temperature are shown in Fig. 3 where the values given by the

photoluminescence peak position minus kT/2 (Ep) are speci-

fied by the solid and open circles and those given by the first

derivative maximum (Eg) are specified by the solid and open

squares. Room temperature photoluminescence is observed,

however the bandgap energy cannot be accurately identified

as the photoluminescence peak occurs near 290 meV where

there is a strong CO2 absorption feature in the spectra. In its

place, the room temperature bandgap energy determined by

spectroscopic ellipsometry is shown with a solid diamond at

295 K. The solid curves in Fig. 3 are fits of the Einstein single

oscillator model15,16 (Equation (1)) to the temperature depend-

ent data: T is the absolute temperature, k is the Boltzmann con-

stant (0.0862 meV/K), and the fitting parameters are E0 the 0 K

bandgap energy, TE the Einstein temperature, and S0 the

dimensionless coupling parameter, where S0k is the slope of

the high temperature linear asymptote

E Tð Þ ¼ E0 �
S0kTE

exp TE=Tð Þ � 1
: (1)

The best fit parameters for the bandgaps specified by each

method (Ep and Eg) are, respectively, 327.4 and 324.6 meV for

E0, 298.5 and 240.3 K for TE, and 3.10 and 2.96 for S0. For

both methods, the open circle and square at 15 K are omitted

from the fit as the decrease in bandgap energy with decreasing

temperature is likely a result of a small degree of composi-

tional inhomogeneity in the alloy. The Einstein single oscilla-

tor best fit parameters are summarized in Table I; in addition

to those mentioned above, the parameters with the room

FIG. 2. Photoluminescence spectra from lattice-matched InAs0.911Sb0.089 on

GaSb at 30 K, measured using pump power densities ranging from 0.265 to

265 W cm�2. The photoluminescence peak position is independent of pump

power under low injection (0.265–2.65 W cm�2) and blue shifts under high

injection (2.65–265 W cm�2). The inset shows the first derivative of the

spectra and the position of their maxima (vertical line).

FIG. 3. Bandgap energy as a function of temperature for lattice-matched

InAs0.911Sb0.089 on GaSb determined from the photoluminescence peak

energy minus kT/2 (Ep, circles) and the first derivative maximum of the pho-

toluminescence spectra (Eg, squares). The Einstein single oscillator model

(solid curves) is fit to the bandgap data. The room temperature bandgap

energy (diamond) determined from the absorption cutoff measured by spec-

troscopic ellipsometry is shown for comparison.
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temperature value included are shown in the last row of the ta-

ble. It is worth noting that the 327.4 meV value for E0 is deter-

mined using the photoluminescence peak position minus kT/2

is consistent with the bandgap value of 327 meV for

InAs0.9Sb0.1 determined using the same method in Ref. 8. The

advantage of the first derivative method is that it systemati-

cally identifies the bandgap energy for both emission and

absorption measurements as it is sensitive to the underlying

material band structure; note the agreement of photolumines-

cence and ellipsometry experiments shown in Fig. 3.

Since the Varshni equation17 (Equation (2)) is com-

monly used to describe the temperature dependence of the

bandgap energy in these materials,4 the Einstein single oscil-

lator model (solid curve) and the Varshni equation (dotted

and dashed curves) are compared in Fig. 4 by way of best fits

to the bandgap measurements, Eg, determined using the first

derivative method (solid squares). This is same data shown

in Fig. 3 with the inclusion of the room temperature value

determined by spectroscopic ellipsometry. The fit parameters

are compared in Table II, where the zero temperature

bandgap is E0 for both models, the high temperature linear

slope is a for the Varshni equation and S0k for the single

oscillator model, the position of the knee (intersection of the

zero temperature bandgap energy and the high temperature

linear asymptote) is b for the Varshni equation and 1
2

TE for

the single oscillator model, and the bandgap reduction due to

the zero-point motion of the lattice is ab for the Varshni

equation and 1
2

S0kTE for the single oscillator model

E Tð Þ ¼ E0 �
aT2

T þ b
: (2)

The functional form of the empirical Varshni equation

(dotted curve) does not describe the bandgap data in Fig. 4

nearly as well as the physical Einstein single oscillator model

(solid curve), particularly for the low temperature data where

the Varshni equation is quadratic. This quadratic behavior

overestimates the value of the low temperature bandgap and

underestimates the curvature of the knee region where the

thermal phonon occupation first starts to significantly shift the

bandgap with temperature. Furthermore, the Varshni equation

does not capture the linear dependence of bandgap at room

temperature and beyond. When the low temperature data are

excluded the Varshni equation more accurately identifies the

linear dependence of bandgap at room temperature, as illus-

trated by the dashed curve in Fig. 4 fit to the data for tempera-

tures above 80 K. The limitations of the Varshni equation have

been previously noted by several authors.18–20 The issue con-

fronting empirical models is that it essentially takes four pa-

rameters to describe the temperature dependence of the

bandgap energy: (i) the low temperature bandgap, (ii) the posi-

tion of knee, (iii) the curvature of the knee, and (iv) the high

temperature slope. Fitting a 4-parameter empirical model is

shown to work well for many III-V materials.18 However,

since the Einstein single oscillator is a physical model, it pre-

cisely describes the temperature dependence of the bandgap

using three fitting parameters, as the shape of the knee is effec-

tively described by the functional form of the physical model.

In order to determine the bandgap of InAs1�xSbx as a

function of temperature and Sb mole fraction x, the bandgap

bowing parameter bgðTÞ in Equation (3) is fit as a function of

temperature to the bandgaps of InAs0.911Sb0.089, InAs, and

InSb. The resulting low and room temperature bandgap bow-

ing parameters of 938 meV at 0 K and 750 meV at 295 K are

obtained using the low and room temperature bandgaps of

InAs0.911Sb0.089, InAs, and InSb; Eg InAsSb(0.0891,T) is

TABLE I. Bandgap temperature dependence parameters (E0, S0, and TE) for

InAs0.911Sb0.089 as determined from the peak position minus kT/2 method

(EpÞ and the first derivative maximum method (Eg). For the first derivative

maximum method, the fit is performed with and without the room tempera-

ture bandgap determined from spectroscopic ellipsometry.

Method E0 (meV) S0 TE (K)

Peak minus kT/2, Ep 327.4 3.10 298.5

First derivative maximum, Eg

(without room temperature data)

324.6 2.96 240.3

First derivative maximum, Eg

(with room temperature data)

324.7 2.85 230.7

FIG. 4. Bandgap energy as a function of temperature for lattice-matched

InAs0.911Sb0.089 on GaSb determined using the first derivative maximum

method. The Einstein single oscillator model is shown as the solid curve and

the Varshni equation as the dotted curve (all temperatures) and dashed curve

(temperatures greater than 80 K).

TABLE II. Comparison of the Einstein single oscillator model and Varshni

equation fits to the temperature dependence of the InAs0.911Sb0.089 bandgap

energy. The low temperature bandgap energy is E0 for both models, the lin-

ear bandgap reduction rate in the high temperature region is a for the

Varshni equation and S0k for the single oscillator model, the intersection of

the zero temperature bandgap energy and high temperature asymptote is b
for the Varshni equation and 1

2
TE for the single oscillator model, and the

bandgap reduction due to the zero-point motion of the lattice is ab for the

Varshni equation and 1
2

S0kTE for the single oscillator model.

Model

E0

(meV)

S0k; a
(meV/K)

1
2

TE; b
(K)

1
2

S0kTE; ab
(meV)

Einstein single oscillator 324.7 0.246 115.4 28.3

Varshni equation (All T) 326.2 0.359 335.0 120.3

Varshni equation (T> 80 K) 329.7 0.256 128.1 32.8

245706-4 Webster et al. J. Appl. Phys. 118, 245706 (2015)



324.7 meV at 0 K and 277.0 meV at 295 K (this work),

Eg InAsðTÞ is 417.0 meV4 at 0 K and 354.0 meV (this work) at

295 K, and Eg InSbðTÞ is 235.0 meV4 at 0 K and 172.0 meV

(this work) at 295 K. The room temperature bandgap energies

of InAs and InSb are determined from spectroscopic ellipsom-

etry measurements of InAs and InSb substrates analyzed in a

similar manner to that for InAs0.911Sb0.089 shown in Fig. 1,

and are consistent with those values reported in Refs. 4 and

21 of 355 and 352 meV for InAs and 175 and 176 meV for

InSb. The temperature dependence of the bandgaps Eg InSbðTÞ
and Eg InAsðTÞ in Equation (3) is described by the single oscil-

lator model given in Equation (1). The resulting oscillator

model parameters are listed in Table III where E0 is the low

temperature bandgap most commonly reported in Ref. 4, S0 is

the coupling parameter obtained from the high temperature lin-

ear asymptotes in Ref. 21, and TE is fit to obtain the bandgap

energies measured by spectroscopic ellipsometry at room tem-

perature. The temperature dependence of the bowing parame-

ter bgðTÞ is accurately described using the double oscillator

model in Equation (4), with the resulting parameters shown in

Table IV

Eg InAsSbðx; TÞ ¼ x � Eg InSbðTÞ þ ð1� xÞ � Eg InAsðTÞ
� xð1� xÞbgðTÞ; (3)

bg Tð Þ ¼ b0 �
S1kT1

exp T1=Tð Þ � 1
þ S2kT2

exp T2=Tð Þ � 1
: (4)

In Section III, the InAs/InAsSb superlattice low and

room temperature ground state transition energies (effective

bandgaps) are determined from low temperature photolumi-

nescence and room temperature spectroscopic ellipsometry

measurements. Further analysis using these and the InAsSb

bandgap measurements above provides the low and room

temperature band offsets for the InAs/InAsSb superlattice

system.

III. ELLIPSOMETRY AND PHOTOLUMINESCENCE
OF InAs/InAsSb SUPERLATTICES

The strain-balanced InAs/InAsSb superlattice samples

studied are grown by molecular beam epitaxy on (100)-ori-

ented 1
4

and full 50 mm GaSb substrates and are evaluated

using X-ray diffraction, photoluminescence spectroscopy,

and spectroscopic ellipsometry. The superlattice structures

are composed of alternating thin layers of InAs and InAsSb

with a total thickness of 0.5 to 11 lm sandwiched between

10 nm thick AlSb confinement layers with a 10 nm thick

GaSb or InAs cap. The growth is performed using constant

In and As fluxes with the superlattice defined by modulating

the Sb flux with the Sb shutter that is closed during the InAs

layer and open during the InAsSb layer. For all samples, the

In flux is held constant throughout the structure at around 0.5

monolayers per second with a constant As/In flux ratio of

1.20, whereas the Sb/In flux ratio ranges from 0.25 to 2.00

for the various samples and is the determining factor for the

Sb mole fraction. For an As/In flux ratio of 1.20, the sticking

coefficient of Sb is about 40% for a growth temperature of

430 �C;22 the sticking coefficient is temperature dependent

and, in particular, significantly decreases for higher tempera-

ture growths.

The structural properties of the superlattices are deter-

mined using commercial dynamical X-ray diffraction soft-

ware10 and a self-consistent analysis of coupled x-2h X-ray

diffraction scans from the (004)-planes of each sample. In

this analysis, the satellite peak spacing determines the super-

lattice period thickness while the 0th order satellite peak

position, the Sb shutter times, and the InAs and InAsSb

growth rates determine the Sb mole fraction and constituent

layer thicknesses. This conventional approach to modeling

the X-ray data results in the first set of structural parameters

shown in part 3 of Table V.

Moreover, it is observed that the InAs/InAsSb interfaces

are not perfectly abrupt due to the surface segregation of Sb

that is subsequently incorporated into the InAs layer after the

Sb shutter is closed.23–26 Therefore, to evaluate the impact of

unintentional Sb in the InAs layer, the X-ray diffraction data

are further analyzed using a model with a small amount of Sb

in the InAs layer. Under the strain-balanced condition, this

results in a reduced level of tensile strain in the InAs layer and

corresponding larger reduction in the compressive strain of the

InAsSb layer that is typically not as thick as the InAs layer.

During this analysis, it is observed that the relative intensities

of the satellite peaks are sensitive to changes in the strain and

the thicknesses of the constituent layers, as this influences the

structure factor for the diffraction condition of the satellite

peaks.27 Therefore, in addition to those parameters fit above,

the average unintentional Sb mole fraction of the InAs layer is

fit to the intensity profile of the satellite peaks.

In particular, a great deal of sensitivity is obtained when

one or more satellite peaks are very weak as a result of

strong destructive interference for the specific structure. This

is shown in Fig. 5, which compares the X-ray diffraction pat-

tern of sample E (grey curves) to the diffraction patterns

simulated using average unintentional Sb mole fractions of

0.004, 0.006, and 0.008 in the InAs layers (black curves). Of

particular interest are the 0th order satellite peaks SL0 and

the 4th order satellite peaks SL4 that exhibit a much lower

intensity than the other satellite peaks. The simulated inten-

sity of these peaks is very sensitive to small changes of the

Sb mole fraction in the InAs layer. The model simulation

with an average unintentional Sb mole fraction of 0.006 pro-

vides the best fit to the overall intensity profile of sample E

with an InAsSb layer mole fraction of 0.322, an InAsSb layer

TABLE III. Bandgap temperature dependent parameters (E0, S0, and TE) for

bulk InAs and InSb.

Material E0 (meV) S0 TE (K)

InAs 417 3.20 145.0

InSb 235 3.13 133.0

TABLE IV. Bandgap bowing parameter temperature dependent parameters

(b0, S1, T1, S2, and T2) for bulk InAsSb.

Material b0 (meV) S1 T1 (K) S2 T2 (K)

InAsSb 938 22.98 115.8 18.80 275.6
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thickness of 4.65 nm, and an InAs layer thickness of

15.23 nm.

The best fit structural parameters and average uninten-

tional Sb mole fractions of samples A-J are summarized in

part 4 of Table V. The average unintentional Sb mole frac-

tions are about 0.006 for 15 and 18 nm thick InAs layers and

are approximately double for the 5 to 8 nm thick InAs layers.

The unintentional Sb is mainly incorporated near to the

InAs-on-InAsSb interface24,25 and hence decreases as the

layer grows. In the assessment of the superlattice band off-

sets in Section IV, the structural parameters that account for

unintentional Sb incorporation into InAs (part 4 of Table V)

are utilized.

Photoluminescence from the InAs/InAsSb superlattice

sample set is measured at 12 K using 68 mW of pump power

from an 808 nm laser; this results in 90 W cm�2 of pump

power arriving at the upper superlattice interface and a car-

rier excitation density of 7.1� 1024 cm�3 s�1. The maxima

of the first derivative of the photoluminescence spectra are

computed to determine the 12 K ground state transition

energy (effective bandgap) for each sample. The normalized

photoluminescence spectra of samples A, B, E, and F are

plotted in Fig. 6 as a function of photon energy (lower hori-

zontal axis) and photon wavelength (upper horizontal axis).

The vertical dotted lines show the ground state energy for

TABLE V. Growth temperature (1), optical properties (2), and structural properties (3 and 4) of the InAs/InAsSb superlattices investigated. The bandgap ener-

gies are measured by spectroscopic ellipsometry at room temperature and photoluminescence spectroscopy at low temperature. The structural parameters are

determined by room temperature X–ray diffraction measurements, where the analysis utilizes a model without (3) and with (4) the incorporation of uninten-

tional Sb in the InAs layer.

(1) (2) First derivative

maximum method

(3) Structural parameters: Assuming no

unintentional Sb in InAs

(4) Structural parameters: Including

unintentional Sb in InAs

Sample

Growth

temp.

( �C)

295 K

transition

energy (meV)

12 K transition

energy

(meV)

Sb mole

fraction

x

InAs layer

thickness

(nm)

InAs1�xSbx layer

thickness

(nm)

Average

unintentional

Sb mole fraction

in InAs

Sb mole

fraction

x

InAs layer

thickness

(nm)

InAs1�xSbx

layer thickness

(nm)

A 400 260 311 0.130 5.13 4.61 0.012 0.117 5.14 4.60

B 405 103 156 0.284 17.18 7.32 0.008 0.263 17.16 7.34

C 410 76 128 0.312 18.64 5.70 0.006 0.291 18.66 5.68

D 450 136 … 0.328 8.19 2.52 0.014 0.279 8.21 2.50

E 410 74 122 0.343 15.21 4.67 0.006 0.322 15.23 4.65

F 410 56 98 0.360 18.59 5.72 0.006 0.338 18.60 5.70

G 410 51 102 0.367 15.29 4.71 0.006 0.345 15.31 4.69

H 410 64 106 0.370 14.83 4.56 0.006 0.348 14.84 4.56

I 410 107 162 0.392 7.93 2.46 0.012 0.351 7.94 2.45

J 400 68 134 0.400 8.31 2.58 0.010 0.367 8.31 2.57

FIG. 5. Measured X-ray diffraction pattern of InAs/InAsSb superlattice sam-

ple E (grey curves) alongside diffraction patterns simulated using a structure

model with average unintentional Sb mole fractions of 0.004, 0.006, and

0.008 in the InAs layers of the superlattice (black curves).

FIG. 6. Normalized 12 K photoluminescence spectra from InAs/InAsSb

superlattice samples A, B, E, and F. The superlattice ground state transition

energies identified from the maximum of the first derivative of the photolu-

minescence spectra are indicated by vertical dotted lines.
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each sample. The ground state transition energies are listed

in part 2 of Table V for the entire sample set expect for sam-

ple D where the photoluminescence signal is too noisy to

accurately distinguish the first derivative maximum.

The room temperature ground state transition energies

of the superlattice samples are identified from the absorption

coefficient spectra using the first derivative maximum

method that identifies the rapid increase in the optical joint

density of states at the ground state transition of the superlat-

tice. The room temperature bandgap energies determined

using spectroscopic ellipsometry are summarized in part 2 of

Table V; additional details and conclusions from the spectro-

scopic ellipsometry measurements of the InAs/InAsSb super-

lattice sample set can be found in Ref. 2.

IV. BAND OFFSET RESULTS AND DISCUSSION

A Kronig-Penney model of the superlattice miniband

structure28,29 is used to determine the ground state transition

energies of each sample listed in Table V using the bulk

InAs and InAsSb parameters provided in Table VI. These

transition energies are established between the ground state

electron and heavy hole minibands that form in the repeating

potential of the strained band alignment of the InAs/InAsSb

superlattice layers. Within the model, the strained valence

band offset, DEvðxÞ, between the InAs1�xSbx heavy hole va-

lence band edge, EvðxÞ, and the InAs heavy hole band edge,

Evð0Þ (see the inset of Fig. 7), is a fitting parameter

employed to align the calculated transition energies to those

experimentally measured for each sample. The strained va-

lence band offsets, DEvðxÞ ¼ EvðxÞ � Evð0Þ, determined at

low temperature (black squares) and room temperature

(black circles) are plotted as a function of Sb mole fraction

in Fig. 7.

The valence band offset bowing model shown in

Equation (5) is fit to the strained data in Fig. 7; the best fits

are shown as the dotted black curve for the low temperature

result and the solid black curve for the room temperature

result. Since the valence band edges of InAs and InSb, Evð0Þ

and Evð1Þ, are known,4,30,31 the valence band bowing param-

eter, bv, is a fitting parameter whose best fit values are given

in Table VII. The unstrained curves (solid and dotted grey

curves) are determined by backing out the effects of the InAs

tensile strain and the InAsSb compressive strain on the va-

lence band offsets using the Pikus-Bir Hamiltonian.30,31 The

resulting low and room temperature unstrained band align-

ment is shown in Fig. 8

DEvðxÞ ¼ xDEvð1Þ � xð1� xÞbv: (5)

The valence band bowing parameters (bv) determined in

Fig. 7, the bandgap bowing parameters (bg) determined in

Section II, and the resulting conduction band bowing param-

eters given by bc ¼ bv þ bg, are summarized in Table VII.

The band bowing is upward (negative) for the valence band

and downward (positive) for the conduction band, with a re-

sultant downward (positive) bowing for the bandgap. Fig. 8

shows the unstrained band edge positions of InAsSb as a

function of mole fraction; in the absence of strain, InAsSb

TABLE VI. Material parameters of InAs and InSb used in the Kronig-

Penney model of the InAs/InAsSb superlattice miniband structure. The

bandgaps and valence band offsets of InAsSb are calculated using the bow-

ing parameters provided in Table VII and the electron effective mass is cal-

culated using a bowing parameter of 0.035;4 all other parameters are

assumed to vary linearly with mole fraction between the respective values of

InAs and InSb. The room temperature bandgap values are from this work

and all other parameter values are taken from Ref. 4.

Material parameter InAs InSb

Low temperature bandgap (meV) 417 235

Room temperature bandgap (meV) 354 172

Low and room temperature valence band offset (meV) �590 0

Poisson’s ratio 0.3521 0.3530

Conduction band deformation potential (eV) �5.08 �6.94

Valence band deformation potential (eV) �1.00 �0.36

Shear deformation potential (eV) �1.80 �2.00

Electron effective mass 0.0260 0.0135

Heavy hole effective mass 0.3333 0.2632

Lattice constant (nm) 0.60582 0.64792

FIG. 7. Heavy hole valence band offset of InAs1�xSbx relative to InAs,

DEvðxÞ, plotted as a function of Sb mole fraction at 295 K (circles) and 12 K

(squares). The solid (room temperature) and dotted (low temperature) black

curves represent bowing model fits to the strained band offset data. The anal-

ysis for unstrained bulk material is shown as solid (room temperature) and

dotted (low temperature) grey curves obtained by backing out the effect of

strain.

TABLE VII. Bowing parameters for the bandgap (bg), valence band (bv),

and conduction band (bc) of unstrained bulk InAsSb and coherently strained

InAsSb on GaSb.

First derivative maximum method

at 295 K (meV) at 12 K (meV)

Unstrained bg 750 938

bv �367 �380

bc 383 558

Strained bg 783 971

bv �315 �329

bc 468 642
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forms a weak type-I band alignment with InAs for low Sb

mole fractions and a type-II band alignment at higher mole

fractions. The percentage of the total bandgap bowing attrib-

uted to the valence band at low temperature is 41%, which is

consistent with what has been reported by other authors.32,33

When the material is coherently strained the band bow-

ing decreases in the valence band and increases in the con-

duction band and bandgap. In general, for ternary materials,

the shift in the band edges with biaxial strain is not linear as

the strain, the deformation potentials, and Poisson’s ratio all

are typically functions of mole fraction. In coherently

strained InAsSb on GaSb, the variation in the deformation

potentials with mole fraction is the dominant factor that

modifies the strained bowing parameters. In the conduction

band, for example, the conduction band deformation poten-

tial changes from �5.08 eV for InAs to �6.94 eV for InSb.

As a result, the strained conduction band edge moves to

higher energies with increasing Sb mole fraction at a greater

rate than it would if the deformation potential were constant.

The same is true in the valence band which is modified by a

combination of the valence band and shear deformation

potentials. This results in a larger strained band offset bow-

ing parameter and a stronger type-II band alignment in

strain-balanced InAs/InAsSb.

Had the structural parameters that assume no uninten-

tional Sb incorporation (part 3 of Table V) been used for this

analysis, the measured band offsets would remain virtually

unchanged; however, the Sb mole fractions of the InAsSb

layers would all increase by 0.01 to 0.05. This would induce

a horizontal right shift in the data in Fig. 7 that would result

in a significant change in the distribution of the band offset

bowing; in particular, 12% of the bandgap bowing would

transfer from the valence band to the conduction band at low

temperature and 18% at room temperature. These results

indicate that the unintentional incorporation of Sb into the

InAs layers should not be ignored in this analysis.

The InAsSb bandgap and band edge bowing parameters in

Table VII are programmed into the Kronig-Penney software

model, allowing more accurate miniband structure calculations

to be performed. Table VIII compares the superlattice ground

state transition energies detailed in Table V alongside the tran-

sition energies calculated in the updated Kronig-Penney model.

Close agreement is obtained between theory and experiment,

ultimately indicating that this software tool is capable of mak-

ing accurate band structure predictions, which could be used to

identify optimized superlattice designs.

V. CONCLUSIONS

Several InAs/InAsSb superlattices are examined that have

period thicknesses ranging from 10 to 25 nm, Sb mole fractions

ranging from 12% to 37%, and bandgap energies that range

from 98 to 311 meV (12.7–4.0 lm) at low temperature and 51

to 260 meV (24.3–4.8 lm) at room temperature. An average

unintentional incorporation of �1% Sb in the InAs layer is

taken into consideration in the analysis. The InAs/InAsSb

band offset for each sample composition is obtained from anal-

ysis of the superlattice ground state energy and miniband

structure and measurements of the bandgap energy of bulk

InAs0.911Sb0.089. The composition dependent InAsSb bandgap

and InAs/InAsSb band edge positions are parameterized using

bowing models, where the low and room temperature bowing

parameters are, respectively, 558 and 383 meV for the conduc-

tion band edge, �380 and �367 meV for the valence band

edge, and 938 and 750 meV for the InAsSb bandgap. Ignoring

the small amount of unintentional Sb in the InAs layer results

in a significant change in the observed band offset bowing; in

which case, the fraction of bandgap bowing displaced from the

valence to the conduction band would be 12% at low tempera-

ture and 18% at room temperature.
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