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Strain-balanced InAs/InAs1�xSbx type-II superlattices (SLs) have been proposed for possible long-

wavelength infrared applications. This paper reports a detailed structural characterization study of

InAs/InAs1�xSbx SLs with varied Sb composition grown on GaSb (001) substrates by modulated

and conventional molecular beam epitaxy (MBE). X-ray diffraction was used to determine the SL

periods and the average composition of the InAs1�xSbx alloy layers. Cross-section transmission

electron micrographs revealed the separate In(As)Sb/InAs(Sb) ordered-alloy layers within individ-

ual InAs1�xSbx layers for SLs grown by modulated MBE. For the SLs grown by conventional

MBE, examination by high-resolution electron microscopy revealed that interfaces for InAs1�xSbx

deposited on InAs were more abrupt, relative to InAs deposited on InAs1�xSbx: this feature was

attributed to Sb surfactant segregation occurring during the SL growth. Overall, these results estab-

lish that strain-balanced SL structures with excellent crystallinity can be achieved with proper

design (well thickness versus Sb composition) and suitably optimized growth conditions. VC 2012
American Vacuum Society. [DOI: 10.1116/1.3672026]

I. INTRODUCTION

Type-II superlattices (SLs) have attracted much interest

from the semiconductor industry since first being proposed.1

Antimonide-based type-II SLs have been recognized as pos-

sible low-cost alternatives to the HgCdTe materials system

for infrared (IR) applications, due to several key advantages

including lower tunneling current,2 greater flexibility in

bandgap engineering,3 and reduced Auger recombination.3

Extensive investigations of InAs/(In)GaSb type-II SLs have

been carried out, including theoretical calculations of the

band structure4 and minority carrier lifetimes,5 and signifi-

cant success has been achieved for device performance in

mid-, long- and very-long-wavelength infrared (VLWIR)

ranges.6–9 Strain-balanced InAs/InAs1�xSbx SLs have been

proposed as another possible alternative to HgCdTe,10 and

have already shown great promise for mid-IR laser and pho-

todetector structures,11 with photoluminescence emission in

the range of 5–10 lm being achieved for SL structures con-

taining Sb concentrations of 14�27%.12 Recently, InAs/

InAs1�xSbx SLs grown by metalorganic chemical vapor

depostition (MOCVD) have been studied in more detail:

these SLs showed excellent structural properties and strong

optical response.13,14 The absence of gallium in these InAs/

InAs1–xSbx SLs is expected to simplify the SL interfaces and

hence the growth process,13 and also result in longer carrier

lifetimes,15,16 as very recently demonstrated.17

In the growth of mixed As/Sb alloys by conventional

solid-source molecular beam epitaxy (MBE), the As2 and

Sb2 beam flux ratio is normally used to control the average

group-V composition of the epitaxial material. However,

due to large differences in the incorporation coefficients of

As2 and Sb2, accurate control of composition in the

InAs1�xSbx alloys becomes challenging. Growth by modu-

lated MBE involves control of As and Sb incorporation by

rapidly alternating the As2 and Sb2 beam flux, using the tim-

ing of shutter operation to control the group-V composi-

tion.18 This growth technique could possibly provide more

precise control and reproducibility of the group-V alloy

composition in the InAs1�xSbx layers of InAs/InAs1�xSbx

SLs. Improvements in composition control and crystalline

quality of AlAsxSb1�x and In(Ga)AsxSb1�x alloys grown by

modulated MBE have been reported.11,19–23 Further advan-

tages of modulated MBE are that the technique could pro-

vide protection against composition drift and achieve more

abrupt interfaces,23 which are important factors to take into

consideration since the transition wavelength and recombi-

nation efficiency are expected to be strongly influenced by

the compositional abruptness at the interfaces.24,25

High quality InAs/InAs1�xSbx SLs require sharp and

defect-free interfaces between InAs and InAs1�xSbx layers.

In this study, strain-balanced InAs/InAs1�xSbx type-II SLs

on GaSb (001) substrates with different Sb compositions, but
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the same layer thicknesses, were designed for LWIR detec-

tors of different wavelengths. Transmission electron micros-

copy (TEM) was used to investigate the microstructure of

InAs/InAs1�xSbx SLs with ordered and random InAs1�xSbx

alloy layers grown by modulated and conventional MBE,

respectively. X–ray diffraction (XRD) was used to determine

the average composition of the InAs1�xSbx alloy layers and

the SL periods. Further information including details of the

SL structure design and measurements of the optical proper-

ties of these samples is being reported elsewhere.26

II. EXPERIMENTAL DETAILS

The SL samples were grown in a solid-source MBE sys-

tem, using modulated and conventional MBE growth techni-

ques. All samples nominally consisted of a 0.2-lm-thick

GaSb buffer layer grown on an n-type GaSb (001) substrate

at 500 �C, followed by deposition of 7-nm-thick InAs1�xSbx

layers alternating with 18-nm-thick InAs layers for 20 peri-

ods, at a growth temperature of 435 �C. Finally, a 0.1-lm-

thick GaSb capping layer was deposited at 480 �C. Figure 1

shows a schematic of the sample structures. The modulated

and conventional MBE growths are expected to yield or-

dered and random InAs1�xSbx alloy layers, respectively.

For the modulated MBE growth, the In shutter was kept

open throughout the entire period of growth of the

InAs1�xSbx layers, while the As and Sb shutters were alter-

nately opened and closed for very short periods. The overall

Sb composition would then be controlled by the Sb-shutter

duty-cycle: Sbshutter-time/(Asshutter-timeþ Sbshutter-time). Each

of these ordered InAs1�xSbx alloy layers consisted of six-

period In(As)Sb/InAs(Sb) multiple quantum well (MQW)

layers. The relevant growth parameters are listed in Table I.

The high-resolution XRD measurements were performed

using a PANalytical X’pert Pro MRD, and the average Sb

compositions of the InAs1�xSbx alloys were determined by

comparing simulations to (004) high-resolution XRD meas-

urements. Cross-sectional specimens were prepared for TEM

observation using mechanical polishing and dimpling fol-

lowed by argon ion-milling. The mechanical polishing and

dimpling typically reduced the sample thicknesses to

10�12 lm, and small holes in the films were then made by

ion-milling at low energy (2.5�3 keV), using a liquid-nitro-

gen-temperature cooling stage to minimize any thermal or

ion-beam damage.27 The TEM characterization studies were

mostly carried out using a JEM-4000EX high-resolution

electron microscope operated at 400 keV and with a struc-

tural resolution of �1.7 Å. All samples were prepared for ob-

servation along {110}-type zone-axis projections so that the

direction of the electron beam would be aligned perpendicu-

lar to the growth surface normal.

III. RESULTS AND DISCUSSTION

The InAs/InAs1�xSbx SLs samples that are described in

this paper, which include two ordered alloy SLs and two ran-

dom alloy SLs, are summarized in Table I. The SL periods

and the average Sb compositions of the two random

InAs1�xSbx alloy samples, as determined by high-resolution

XRD measurements are also listed. The XRD patterns of

Samples A and B are shown in Fig. 2, together with the corre-

sponding simulations offset below each experimental profile.

The most intense SL peak for Sample A no longer corre-

sponds to the zero-order peak because of the large SL period.

The XRD of the thick individual InAs1�xSbx and InAs layers

show the envelope modulation of the SL peaks on either side

of the substrate peak, causing some satellite peaks to be more

intense than the zero-order SL peak. From the separation of

the substrate peak from the zero-order SL peak, the average

SL strain in the growth direction is determined to be 0.18%

for Sample A. In comparison, Sample B has broader peaks

than Sample A, suggesting the presence of increased defect

density, which was later confirmed in the TEM microstruc-

ture studies.

Cross-sectional electron micrographs of Sample A, as for

example shown in Fig. 3, revealed excellent crystallinity and

a very low density of growth defects, and indicated an SL

periodicity of 245 Å, which was in close agreement with the

results of the XRD simulation. Higher magnification images

of the SL, such as Fig. 4, showed sharp interfaces between

the individual InAs1�xSbx and InAs layers, and interfacial

misfit dislocations were not observed. Moreover, the

ordered–alloy structure, consisting of six-period In(As)Sb/

InAs(Sb) MQW layers, is clearly visible within each

FIG. 1. (Color online) Schematic illustration of the InAs/InAs1�xSbx SL

structure design for: (a) ordered-alloy and (b) random alloy.

TABLE I. Summary of SL samples reported in this investigation.

Sample MBE growth Sb shutter-time (second) Sb shutter duty-cycle Flux ratio Sb/(SbþAs) SL period (nm) xsb

A Modulated 3 35% — 24.5 —

B Modulated 4 47% — 24.1 —

C Conventional — — 0.35 24.6 0.28

D Conventional — — 0.37 24.6 0.29
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InAs1�xSbx layer. These layers are very well defined, with

the darker lines corresponding to the In(As)Sb layers.

In the case of Sample B, which is another SL sample

grown by modulated MBE when the growth conditions were

not yet fully optimized, low magnification images revealed a

more defective SL system. As shown in Fig. 5(a), the sub-

strate/buffer interface is clearly visible, and it is not flat,

although this lack of flatness does not apparently cause

any defects in the SL layers. However, the ordered-alloy

structure was only well-defined within the first InAs1�xSbx

layer and progressively disappeared within the later

InAs1�xSbx layers, as shown in Fig. 5(b). Defective regions

were visible within the SL structure that propagated upwards

similar to the behavior of self-aligned quantum dots in

lattice-mismatched systems, but opposite to the conventional

domelike appearance. Most of these defects originated from

the first SL layer, and are possibly due to the longer Sb shut-

ter time used for this sample compared to Sample A. In

FIG. 2. (Color online) High-resolution XRD (004) x-2h profiles and corre-

sponding simulations (offset below each measurement) for Samples A and B,

FIG. 3. Cross-sectional electron micrograph showing entire SL structure of

Sample A, and confirming very low defect density.

FIG. 4. Higher-magnification image clearly showing well-ordered In(As)

Sb/InAs(Sb) MQW structure within the individual InAs1�xSbx layers of

Sample A.

FIG. 5. (a) Low magnification image of Sample B showing typical defective

region: (b) Higher-magnification image showing the presence of the In(As)Sb/

InAs(Sb) MQW structure apparently only within the first InAs1�xSbx layer.
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addition, some extensive {111}-type stacking faults were

observed propagating upwards through several SL periods to

the top of the SL layer. The disappearance of the well-

defined ordered-alloy structure within subsequent

InAs1�xSbx layers is possibly due to intermixing of As and

Sb atoms induced by the strain associated with propagating

defects.

Low magnification images of Sample C, which was a ran-

dom alloy SL that was again not grown under fully opti-

mized conditions, revealed the entire structure including the

GaSb (001) substrate and buffer layer, 20-period SL layers,

and the GaSb capping layer, as shown in Fig. 6. Growth

defects, such as {111}-type stacking faults, are clearly visi-

ble. Most of these defects originated at the substrate/buffer

interface, but some originated in the middle of the buffer

layer, and many were present within the SL layers.

In the case of Sample D, cross-section electron micro-

graphs typically showed no evidence of any defects across

the entire field of view and demonstrated that excellent crys-

talline quality of the InAs/InAs0.71Sb0.29 SL could be

achieved. The entire structure showing 20 well-defined SL

periods is visible in Fig. 7. The substrate/buffer interface

was again observed not to be flat, but no defects in the buffer

layer have been caused by this lack of flatness. (It is worth

noting here that such homoepitaxial interfaces are not always

visible in the TEM images of samples grown under optimal

conditions when there is complete desorption of the surface

oxide layer present on the GaSb substrate surface.)

High-resolution lattice images of Sample D, such as Fig.

8(a), clearly show the individual InAsSb and InAs layers. As

confirmed by the Fourier-filtered image of the indicated area

shown in Fig. 8(b), it is also apparent that the interfaces of

the InAs0.71Sb0.29 layers grown on InAs are more abrupt

than those of InAs layers grown on InAs0.71Sb0.29. Figure

8(c) is a line profile averaging across both InAs-on-InAsSb

and InAsSb-on-InAs interfaces, as indicated by the blue

dashed area boxed on Fig. 8(b). It is clear that the intensity

drops rapidly at the InAsSb-on-InAs interface, while the in-

tensity increases much more slowly at the InAs-on-InAsSb

interface. This interface asymmetry in the SL layers is most

FIG. 6. Low magnification image of Sample C showing the entire structure.

FIG. 7. Cross-sectional electron micrograph of Sample D demonstrating the

well-defined and defect-free InAs/InAs0.71Sb0.29 SL region.

FIG. 8. (Color online) (a) High-resolution lattice image showing individual

InAs and InAs0.71Sb0.29 layers for sample D; (b) Filtered image revealing

different interface abruptness between layers, which is attributed to segrega-

tion of the Sb surfactant during growth; (c) Line profile average across both

InAs-on-InAsSb and InAsSb-on-InAs interfaces, as indicated by blue dashed

area boxed above, showing the differences in interface abruptness.
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likely related to Sb segregation, whereby some unintentional

Sb is initially incorporated into the InAs layers during

growth, as reported previously.20,28

IV. SUMMARY

The structural properties of strain-balanced InAs/

InAs1�xSbx SLs grown by MBE on GaSb (001) substrates,

have been studied using XRD and TEM. Excellent atomic-

scale structural quality of the InAs/InAs1�xSbx SLs has been

demonstrated by TEM. Well-defined ordered–alloy In(As)Sb/

InAs(Sb) MQW layers within individual InAs1�xSbx layers,

were observed for samples grown by modulated MBE. How-

ever, the ordering disappeared when defects propagating

through the SL layers appeared during growth. For samples

grown by conventional MBE, high-resolution images

revealed that interfaces for InAs1�xSbx grown on InAs layers

were sharper than for InAs grown on InAs1�xSbx layers,

most likely due to some Sb surfactant segregation effect

which warrants further investigation. Overall, the microstruc-

tural results are highly promising for the future growth of

InAs/InAs1�xSbx SLs designed for operation at specific

wavelengths.
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