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Strain-balanced InAs/InAs1�xSbx type-II superlattices (SLs) on GaSb substrates with 0.27� x�0.33

were grown by molecular beam epitaxy and demonstrated photoluminescence (PL) up to 11.1 lm.

The calculated SL bandgap energies agree with the PL peaks to within 5 meV for long-wavelength

infrared samples (9.5, 9.9, and 11.1 lm) and to within 9 meV for a mid-wavelength infrared sample

(5.9 lm). X-ray diffraction measurements reveal average SL mismatches of less than 0.2%, and

the PL full-width-at-half-maximums increase with the mismatch, confirming the importance of

strain-balancing for material quality. VC 2012 American Vacuum Society. [DOI: 10.1116/1.3672028]

I. INTRODUCTION

Antimonide-based type-II superlattices (T2SLs) have

many potential advantages over bulk HgCdTe for infrared

photodetector materials,1 with the InAs/(In)GaSb T2SL

being the most investigated. However, short minority carrier

lifetimes2,3 in InAs/(In)GaSb T2SLs are detrimental to the

detector dark current and quantum efficiency4 and have

recently been partially attributed to acceptorlike defects

in GaSb2 rather than the interfaces.5 With Ga being the

suspected culprit of the short minority carrier lifetime, the

Ga-free InAs/InAs1�xSbx T2SL has the potential for longer

lifetimes. The “stabilized Fermi level” due to intrinsic point

defects in bulk InAs is expected to be above the conduction

band edge,6 rendering any midgap defect states inactive for

Shockley–Read-Hall (SRH) processes. In comparison, the

stabilized Fermi level for bulk GaSb is expected to be in the

bandgap near the valence band edge,6 leaving the midgap

states available for SRH recombination. Relatively high pho-

toluminescence (PL) efficiencies for 4 – 11 lm emission

from InAs/InAs1�xSbx T2SLs grown on GaAs with highly

dislocated 1 lm InAsSb buffer layers also suggest that

As-rich InAs1�xSbx alloys have comparatively low SRH

recombination coefficients.7 A minority carrier lifetime of

250 ns reported for bulk InAs0.80Sb0.20 having a PL peak at

5.4 lm at 77 K2 further supports the possibility that the

InAs/InAs1�xSbx T2SLs may have longer lifetimes than

those of the InAs/(In)GaSb T2SLs. Theoretically calculated

absorption of an 11 lm InAs/InAs1�xSbx T2SL was lower,

but within a factor of two, than that of a 10 lm InAs/

(In)GaSb T2SL.8 The theoretical study did not include SRH

recombination, leaving open the possibility that in practice,

the former T2SL may have higher absorption and a longer

minority carrier lifetime than the latter due to interface and

growth-related variations.8

Although not as well studied as InAs/(In)GaSb T2SLs,

InAs1�xSbx/InAs1�ySby T2SLs have been investigated by

several groups since their first proposal, which proposed uti-

lizing tensile strain to reach longer wavelengths than bulk

InAs1�xSbx, to possibly compete with HgCdTe.9 InAs1�xSbx/

InAs1�ySby SLs were grown by both molecular beam epitaxy

(MBE) and metalorganic chemical vapor deposition

(MOCVD) with complicated strain-relieving buffer layers: (1)

on InSb for LWIR (8–12 lm) photodetectors,10,11 (2) on InAs

for MWIR lasers,12–14 (3) on GaAs for LWIR LEDs,7,15 and

(4) on GaSb for LWIR photodetectors.16–18 However, the

growth of InAs/InAs1�xSbx T2SLs on GaSb by MBE has

not yet been reported. This article reports the design, MBE

growth, and characterization of a set of strain-balanced InAs/

a)Author to whom correspondence should be addressed; electronic mail:

yhzhang@asu.edu
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InAs1�xSbx T2SLs on GaSb substrates for MWIR and LWIR

detectors.

II. MODELING

InAs/InAs1�xSbx T2SLs can be strain balanced on GaSb

by choosing appropriate combinations of layer thicknesses

and InAs1�xSbx alloy compositions. In order to achieve high

quality materials with low misfit dislocation densities, the

critical thicknesses19 of InAs and InAs1�xSbx on GaSb are

used as the limits for the layer thicknesses in the strain-

balanced T2SL designs. The zero-stress method,20 which

takes the elastic constants of the layers into account, is used

to calculate the strain-balanced layer thicknesses. A three-

band envelope function approximation model,21 which

includes coupling between the electrons, light holes, and

spin-orbit split-off holes, is used to calculate the T2SL effec-

tive bandgap defined as the electron to heavy hole transition

energy. The InAs, InSb, and InAs1�xSbx parameters are

taken from Ref. 22. Recent studies using the type-IIb (elec-

tron well in the binary layer) alignment have found the bow-

ing of the InAs1�xSbx valence band to be between 60�70%

of the bandgap bowing.18,23,24 The calculations presented

here use the type-IIb alignment with 65% of the InAs1�xSbx

bandgap bowing attributed to the valence band.

Figure 1 displays the calculated T2SL bandgap versus the

layer thicknesses for strain-balanced designs on GaSb for

three different InAs1�xSbx compositions. Within this compo-

sition range (x� 0.25–0.38), the InAs/InAs1�xSbx T2SL is

shown to cover the MWIR and LWIR ranges. For a given

composition, thicker layers result in smaller bandgaps, and

the overlap between the electron and heavy-hole wave func-

tions decreases. However, as the absorption coefficient is

proportional to the square of the wave function overlap (and

the density of states), larger overlaps are desirable. To opti-

mize the wave function overlap for a particular bandgap, as

shown in Fig. 2, the layers should be thin with higher Sb

compositions in the InAs1�xSbx layer. The wave function

overlap is inherently lower for the longer wavelength

designs due to the higher Sb compositions resulting in larger

valence band offsets and increased heavy-hole confinement.

III. EXPERIMENT

A. Molecular beam epitaxy growth

Several InAs/InAs1�xSbx T2SLs designs were grown on n-

GaSb substrates by solid source MBE equipped with valved

crackers set up to produce As2 and Sb2 species. Following the

oxide desorption at 530 �C, a GaSb buffer layer was grown at

500 �C. The substrate was then cooled to 435 �C for the

growth of the 500 nm InAs/InAs1�xSbx T2SL, and a final

GaSb cap layer was grown at 480 �C. Four samples A, B, C,

and D with 20 period SLs were grown under identical condi-

tions with varying Sb/(Asþ Sb) beam equivalent pressure

(BEP) flux ratios. The nonunity sticking coefficient of the

group-V materials, As and Sb, and their competition for incor-

poration makes it difficult to control the group-V composition.

However, by changing only the As flux and keeping all the

remaining elements identical, a systematic variation in the Sb

incorporation can be achieved. Thus, the InAs1�xSbx layers in

samples A, B, C, and D have Sb/(AsþSb) BEP ratios of

0.32, 0.347, 0.378, and 0.412, respectively. Sample E consists

of 60 T2SL periods with an overall thickness of 500 nm and

10 nm undoped AlSb barriers on either side of the overall

T2SL to increase the PL intensity.

B. Characterization

The actual T2SL periods and InAs1�xSbx compositions

were determined from the shutter times and the simulations of

(004) x-2h coupled high-resolution XRD patterns recorded

with a PANalytical X’Pert Pro MRD. The simulations use

pseudomorphically strained layers on the GaSb substrate,

which is reasonable given the results from a (224) reciprocal

space map for sample B: only 0.2% relaxation and x differing

by only 0.004 from the (004) x-2h scan value. Transmission

FIG. 1. (Color online) Calculated effective bandgaps for strain-balanced

InAs/InAs1�xSbx type-II superlattices on GaSb substrates for three different

Sb compositions.

FIG. 2. (Color online) Calculated square of the electron-heavy-hole wave

function overlap for different strain-balanced InAs/InAs1�xSbx type-II

superlattice designs having bandgaps at 8, 10, and 12 mm.
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electron microscopy (TEM) characterization was carried out

using a JEM-4000EX high-resolution electron microscope

operated at 400 keV with a structural resolution of �1.7 Å.

The samples were prepared for observation along {110}-type

zone-axis projections so that the direction of the electron

beam would be aligned perpendicular to the growth surface

normal. The PL measurements were carried out at 5 K using a

continuous-wave 532 nm solid-state laser modulated at

60 kHz with an excitation intensity of 105 W/cm2. The PL

spectra were taken using a double-modulation technique with

a Fourier transform infrared spectrometer to suppress the

room temperature blackbody radiation.

IV. RESULTS AND DISCUSSION

A. X-ray diffraction

The (004) x-2h measurement and simulation results for

the sample structure parameters are summarized in Table I,

including the average T2SL mismatch with the substrate and

the zero-order T2SL peak FWHM. The mismatch and

FWHM for samples C and D are in italics to denote the zero-

order T2SL peak position was calculated, due to its overlap

with the substrate peak, based on the period and the T2SL

satellite peak positions and that the FWHM is the mean of

all the T2SL satellite peaks’ FWHMs. Figure 3 shows the

(004) x-2h profiles for samples B, C, and D. The relatively

large T2SL period of 25 nm causes some envelope function

modulation of the T2SL satellite peak intensities, reflecting

the strain of the individual InAs and InAs1�xSbx layers, on

the right and left of the substrate peak, respectively. These

modulations result in the most intense T2SL peak no longer

corresponding to the T2SL zero-order peak. The average

T2SL mismatch in the growth direction is net tensile and

less than 0.2% for all the samples, with sample D being the

most closely lattice-matched to GaSb at 0.03%. Figure 4

shows the XRD data and simulation for sample E. The

smaller T2SL period of sample E is evident from the greater

T2SL satellite peak spacing.

B. Transmission electron microscopy

Cross-section electron micrographs of the different sam-

ples generally revealed well-defined SL layers and sharp

interfaces, although some growth defects, mostly {111}-

type stacking defects, were also visible in some places. The

low-magnification TEM image of sample B, as shown in

Fig. 5, reveals smooth interfaces and some defects, most

starting at the substrate/buffer layer interface. A T2SL peri-

odicity of 24.5 nm is measured, in very good agreement

with the period from the XRD measurement. TEM images

of sample A did not show evidence of dislocations, indicat-

ing the defect density is lower than that in sample B. Further

details about TEM used to investigate the microstructure

of InAs/InAs1�xSbx T2SLs with ordered and random

InAs1�xSbx alloy layers grown by modulated and conven-

tional MBE, respectively, are reported in a separate paper in

this proceeding.25

TABLE I. Summary of the InAs/InAs1�xSbx T2SL structures.

Sample

x

60.01

Period

60.5

(nm)

Number of

periods

XRD SL0

mismatch

(ppm)

XRD SL0 peak

FWHM

(arcsec)

A 0.27 26.5 20 �1930 55

(0203�1)

B 0.28 24.6 20 �1754 35

(0218�1)

C 0.29 24.6 20 �1164 39

(0218�2)

D 0.33 24.5 20 �279 41

(0218�3)

E 0.30 7.4 60 �2231 92

(0512�1)

FIG. 3. (Color online) High-resolution x-2h x ray diffraction patterns and

simulations (offset below the data) for the (004) reflection of InAs/

InAs1�xSbx type-II superlattice samples B, C, and D.

FIG. 4. (Color online) High-resolution x-2h x ray diffraction pattern and

simulation (offset below the data) for the (004) reflection of sample E.
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C. Photoluminescence

PL results for samples A, B, C, and E are shown in Fig. 6

with the symbols representing the data and the solid lines an

eight-point adjacent-average smoothing of the data. Gaus-

sian fits were applied, and the peak positions and FWHMs

are shown in Table II. PL from sample D was not measura-

ble. LWIR samples A, B, and C having similar periods con-

firm the expected trend of longer wavelength transitions for

increasing Sb compositions. The PL intensity for sample B

is approximately half that of samples A and C despite the

similar emission wavelengths and wave function overlaps.

This is presumably due to the greater number of dislocations

originating at the substrate/buffer layer interface as shown in

the TEM for sample B in Fig. 5. Sample E, with a signifi-

cantly shorter period, results in MWIR emission that is more

intense than the LWIR samples’ emission due to the much

higher wave function overlap and the AlSb electron barriers.

The agreement between the calculated SL bandgaps and

PL peaks is quite remarkable given the uncertainty in the

material parameters and band offsets used in the calculation

and in the measured Sb compositions and periods. The

14–18 meV FWHMs for samples A, B, and C correspond

well with the 15–20 meV calculated bandgap shift results for

a 6 0.01 change in x, whereas the layer thickness fluctuation

barely affects the calculated bandgap due to the large SL

period. Sample E, however, with a much smaller period and

a 33 meV FWHM, experiences an approximately 30 meV

bandgap shift for a 61 monolayer InAs1�xSbx thickness

change but only �15 meV for 60.01 change in x. The

PL peak FWHMs also follow the same tendency as the

XRD average SL mismatch, a wider FWHM for a larger

mismatch, demonstrating the correlation between strain-

balancing and the SL material quality. Thus, strain-

balancing is extremely important to avoid dislocations and

achieve device quality SL materials.

V. SUMMARY AND CONCLUSIONS

In summary, strain-balanced InAs/InAs1�xSbx type-II

SLs with 0.27� x�0.33 were grown by molecular beam

epitaxy and demonstrated photoluminescence spectra out to

11.1 lm, giving good agreement between the calculated SL

bandgaps and photoluminescence peak positions. Transmis-

sion electron microscopy, along with x ray diffraction, and

photoluminescence spectra line widths have shown the im-

portance of strain-balancing to achieve high optical material

quality with minimal dislocations. These findings indicate

clearly that the InAs/InAs1�xSbx type-II SL is an excellent

candidate for MWIR and LWIR device applications.
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TABLE II. Summary of the InAs/InAs1�xSbx T2SL calculated bandgaps and

PL results.

Sample

Calculated

bandgap at 0 K

(meV/lm)

PL peak location

at 5 K (meV/lm)

PL peak

FWHM

(meV)

CalculatedÐ
W�hhWedz

�
�

�
�2

(%)

A 128/9.7 130/9.5 18 6.1

(0203�1)

B 120/10.4 125/9.9 17 7.0

(0218�1)

C 107/11.6 112/11.1 14 6.6

(0218�2)

D 72/17.1 — — 5.6

(0218�3)

E 218/5.7 209/5.9 33 45.2

(0512�1)
FIG. 5. Cross-sectional transmission electron micrograph showing typical

defect microstructure of sample B which mostly consisted of {111}-type

stacking faults originating at the GaSb (buffer)/GaSb substrate interface.
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