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InAs/AlSb multilayers similar to those used in quantum cascade lasers have been grown by

molecular beam epitaxy on (001) InAs substrates. Elastic strain is investigated by high resolution

transmission electron microscopy. Thin interfacial regions with lattice distortions significantly

different from the strain of the AlSb layers themselves are revealed from the geometrical phase

analysis. Strain profiles are qualitatively compared to the chemical contrast of high angle annular

dark field images obtained by scanning transmission electron microscopy. The strain and chemical

profiles are correlated with the growth sequences used to form the interfaces. Tensile strained

AlAs-like interfaces tend to form predominantly due to the high thermal stability of AlAs. Strongly

asymmetric interfaces, AlAs-rich and (Al, In)Sb, respectively, can also be achieved by using

appropriate growth sequences. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863035]

The InAs/AlSb material system is very attractive for the

development of quantum cascade lasers (QCLs), in particular

due to the large conduction band discontinuity of 2.1 eV, ben-

eficial for fabrication of short wavelength QCLs, and a mod-

erate lattice mismatch between these compounds. InAs/AlSb

QCLs emitting in the mid-infrared range starting at wave-

lengths as short as 2.6 lm have been demonstrated.1–5 The

QCLs consist of a complex stack of very thin layers often

including AlSb barriers thinner than a few monolayers to

insure required coupling between adjacent InAs quantum

wells. The thickness of each layer should be controlled with a

sub-monolayer precision to provide the proper functioning of

the device. The operation of InAs/AlSb QCLs is thus influ-

enced by properties of interfaces between the constituting

layers. InAs and AlSb have no atoms in common, so that

interfacial zones necessarily include either Al-As bonds or In-

Sb bonds or a mix of them. It turns out that AlAs and InSb, as

bulk materials, have a very large misfit with InAs, �6.6%

and þ6.9%, respectively. While the lattice mismatch of AlSb

with InAs is only 1.3%, the interfaces themselves can be re-

sponsible for much larger local distortions, which can affect

the device properties through a loss of structural quality and a

modification of the band structure.6,7 In the InAs/GaSb

system, which presents a similar problematic, a tensile GaAs-

like interface has been very recently evidenced by transmis-

sion electron microscopy (TEM)8 The role of In-Sb interfa-

cial bonds in morphological instabilities was also shown by

synchrotron X-Ray diffraction.9 and cross-sectional scanning

tunneling microscopy (XSTM).10 Intermixing at InAs/GaSb

interfaces was also studied using Z-contrast microscopy11,12

and atomic probe tomography.13 In the InAs/AlSb system,

some structural studies reported to-date concern mainly the

interfacial roughness using TEM7,14 or interfacial intermixing

using XSTM14 In a recent study, X-ray diffraction was used

to study the effect of interfaces on the averaged strain in

AlSb/InAs superlattices on GaSb substrates; various growth

sequences were applied in order to achieve full strain

compensation.15 Nevertheless, very little is known about the

actual strain state at interfaces, because of strong localization

of these strains at the scale of 1 or 2 atomic layers. In this arti-

cle, we focus on the strain generated by the interfaces them-

selves aiming at establishing the impact of the atomic bond

configuration.

Multilayer structures alternating 20-nm-thick InAs and 4-

nm-thick AlSb layers have been grown on (001) InAs sub-

strates by molecular beam epitaxy (MBE) at 700 K and a

growth rate of 1 A/s. Antimony and arsenic valved cracker

cells were used for growth providing a V/III flux ratio close to

2 both for AlSb and for InAs. We chose to grow samples with

layers thicker than in QCLs to avoid superposition between

displacement fields from adjacent interfaces (the value of

4 nm for AlSb appears as a suitable compromise to meet this

objective without risk of plastic relaxation). In the first sam-

ple, named A, the growth sequence at the AlSb on InAs

and InAs on AlSb interfaces consisted in a simple growth

interruption of 3 s under no element V flux. In the second sam-

ple, named B, we intended to favor formation of different

types of interfaces by using the following growth sequence:

[InAsþAlAs (2 s)þ stop (3 s)þAlSbþ InSb (2 s)þ stop

(3 s)þ InAs]. The 2 s growth duration corresponds to a deposit

of 2/3 of a monolayer. In this case we intended to favor forma-

tion of an AlAs-like interface on InAs and an InSb-like inter-

face on top of the AlSb layer. The samples have been

examined by high resolution electron microscopy (HREM) in

a TECNAI F-20 microscope operating at 200 kV, equipped

with a spherical aberration corrector allowing to avoid the

delocalization effect at interfaces and to achieve a 0.12 nm

spatial resolution. Samples have then been examined by

Scanning Transmission Electron Microscopy (STEM) in high

angle annular dark-field (HAADF) mode, using a TITAN

Low-Base 300 kV, fitted with a Wien filter monochromator

and a Cs probe corrector achieving a STEM spatial resolution

of 0.08 nm.1–10 and 110 cross-sectional lamellas have been

prepared by mechanical polishing and ion milling.
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Fig. 1(a) shows a HREM image of the sample A in

the1–10 zone axis. Variations of the lattice fringes have been

measured by applying the geometrical phase analysis

(GPA).16 In this method the strains (exx and eyy in the follow-

ing) are determined relatively to a reference zone, here cho-

sen in the middle of an InAs layer, and therefore result from

the addition of two contributions: the lattice mismatch f

between InAs and the studied area, and the epitaxial strain

undergone by the material (ephys in the following). The same

analysis has been realized on different regions of one TEM

lamella, then on different lamellas and along the two h110i
directions. Very similar results have been obtained.

The in-plane strain mapping exx (Fig. 1(b)) revealed no

significant variations, indicating full elastic accommodation

of the lattice mismatch. The presence of the strained layer is

clearly evidenced in the map of the out-of-plane strain eyy

(Fig. 1(c)). The eyy profile along the growth axis is reported

in Fig. 1(c) after being averaged over 33 nm along the

in-plane direction 110. It reveals a plateau around 2.3%.

Considering images from different areas or lamellas, the val-

ues obtained for this plateau are between 2.3% and 3%. This

result has to be compared with the theoretical value calcu-

lated in the hypothesis of an elastic strain in a 001 oriented

cubic system, following the well-known relationship:

eyy ¼ f þ e?phys ¼ f 1þ 2
C12

C11

� �
; (1)

where C11 and C12 are the elastic coefficients (for AlSb

87.8 GPa and 43.5 GPa, respectively).17 We obtain 2.3%, a

value which has to be corrected by the thin foil effect.18

Considering this effect, in a 4-nm-thick strained layer em-

bedded between two thick layers, eyy measured is expected

to be in the range 2.1% to 2.4% due to a reduction of the

strain by 10% to 20%.19 Although, sometimes, slightly larger

than expected, the measured strain is therefore fully consist-

ent with the presence of an elastically strained AlSb layer. In

addition to the plateau, the out-of-plane strain profile exhib-

its two negative peaks (I1 and I2 in Fig. 1(c)), respectively,

of �1.5% and �2.5% at the first and the second interfaces,

suggesting the formation of two tensile strained interfaces.

Considering images from different areas of lamellas, the val-

ues obtained for the two negative peaks exhibits quite large

fluctuations from �1% to �6%. As these peaks are signifi-

cantly larger than expected from the classical transfer of

stress to substrate due to the thin foil effect,19 it is tentatively

attributed to the preferential formation of Al-As bonds at

both the AlSb on InAs and InAs on AlSb interfaces.

Theoretical f for AlAs on InAs being �6.6%, applying (1)

results in eyy of �13%. In addition to a possible thin foil

effect, this large difference with the measured values can be

explained by an effect of the GPA treatment specific to

ultra-thin layers. Indeed, a mask is used in the reciprocal

space of the HREM image to select the lattice fringes to ana-

lyze. The spatial resolution of the strain profile is inversely

related to the mask size; here this resolution is 0.8 nm, i.e.,

greater than the supposed thickness of the interface, which is

closer to two atomic planes. Thus, the GPA method gives a

strain value averaged over a larger zone than the actual inter-

face. Moreover, the formation of a ternary or quaternary

compound less strained than AlAs can also explain this dif-

ference. HRSTEM images have been realized on the same

sample in HAADF mode. The GPA treatment could not be

used on these images because the InAs dumbbells are

resolved whereas the AlSb ones, due to the large difference

between the atomic numbers (Z) of Al and Sb, are not

resolved. Therefore, an artificial phase jump appears at the

interfaces, unlike in HREM images made so as to be uniform

over the whole image. HAADF images were thus exploited

to get qualitative chemical information: In HAADF mode,

the scattered intensity increases with the Z of the material

(reported in Table I for the bulk binaries). The intensity pro-

file from the HAADF image (Fig. 2) shows a symmetric

shape, with a clear signature of the AlSb layer embedded

FIG. 1. (a) HREM image of InAs-AlSb superlattice along the [1–10] zone

axis; (b) exx; and (c) eyy maps and profiles determined from the geometrical

phase analysis of the HREM image (0.8 nm spatial resolution). The profiles

are averaged along the 110 direction. The arrows indicate the growth

direction.
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between two interfaces looking significantly darker, which

seems to indicate the formation of a lighter material.

This result indicates, in a good agreement with the strain

analysis, that the spontaneously formed interfaces have pref-

erentially Al-As bonds. A possible explanation is that the Al-

As bonds are the most stable among the four possible bonds

configurations in this system (in bulk materials), and in par-

ticular they are much more stable than In-Sb bonds, the other

possible candidate at interfaces (cf. Table I).

Similar GPA treatment has been realized on several

HREM images of the B sample in both [1-10] and [110]

zone axis. A representative example is displayed in Fig. 3.

Although less marked than previously, a small plateau

(between 2% and 3%) corresponding to AlSb is still visible

(marked as 2 in Fig. 3(b)).

A very interesting point is that the out-of-plane strain

map now exhibits an asymmetric profile with a negative

peak at the first interface and a positive peak at the second

interface, (respectively, 1 and 3 in Fig. 3(b)). The negative

peak at �8% seems to indicate the preferential formation of

highly tensile strained bonds (AlAs-like type) while the posi-

tive peak at 7% indicates the formation of highly compres-

sive strained bonds (InSb-like type). The formation of

asymmetric interfaces is also confirmed by HRSTEM-

HAADF analysis (Fig. 4). Indeed, the first interface appears

to be significantly darker than the AlSb layer indicating the

formation of an AlAs-rich layer. The scattered intensity at

the second interface increases continuously between those of

the AlSb and InAs layers. This corresponds to an average

composition heavier than AlSb but lighter than InAs. Two

ternary alloys, AlxIn1-xSb (x> 0.5) and AlyIn1-yAs (y< 0.5),

are possible candidates (from Table I). Nevertheless,

AlxIn1-xSb corresponds effectively to the average interfacial

composition expected from the growth sequence, while

AlyIn1-yAs seems much less likely. In the same time,

AlyIn1-yAs presents a negative misfit with InAs (in the whole

range of y) and thus is not compatible with the strain analy-

sis. On the contrary, AlxIn1-xSb (x> 0.5) is fully consistent

with the strain profile, its misfit with InAs varying between

1.3% (AlSb) and 4.1% (Al0.5In0.5Sb). The HAADF profiles

are thus in very good agreement with the GPA analysis. Note

that this apparent average composition can be due to either

an actual mixing along the growth direction, or to lateral

fluctuations.

The obtained results are very helpful for optimization of

InAs/AlSb QCLs. Our data demonstrates that compressive

FIG. 2. HAADF image on one AlSb layer of a sample and intensity profile

along the growth direction.

TABLE I. Structural and thermodynamic properties of the binary bulk

compounds.17

Crystal

Melting

point (K)

Cohesive

energy (eV)

Misfit f with

InAs (%)

Average atomic

number Z

AlAs 2013 6.8 �6.6 23

AlSb 1338 6.6 1.3 32

InAs 1215 5.4 0 41

InSb 800 4.7 6.9 50

FIG. 3. (a) High resolution TEM image of InAs-AlSb superlattice realized

on the sample B, along the1–10 zone axis; (b) eyy map and profile determined

from the geometrical phase analysis (0.8 nm spatial resolution). The arrow

indicates the growth direction.

FIG. 4. HRSTEM-HAADF image and intensity profile associated of sample

B. The arrow indicates the growth direction.
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strains induced by AlSb in QCLs grown on InAs can be com-

pensated by spontaneously forming abrupt AlAs-rich interfa-

ces. When an InAs/AlSb QCL is grown on a GaSb substrate

its InAs layers induce tensile strains in the structure. This

work, suggests that formation of InSb-rich interfaces, needed

to avoid plastic relaxation in the QCLs grown on GaSb,

requires special growth sequences including forced deposi-

tion of InSb. The obtained data can be employed to estimate

the interface effect on the total strain in the QCL and to cor-

rect it by modification of the MBE growth conditions. It also

gives indications how to take into account the interface

effect on the QCL electronic structure in the device

modeling.

To conclude, the impact of interfaces on strain profiles

has been directly evidenced at a local scale by the GPA

method applied to HREM images. It is shown that ultrathin

interfacial layers are effectively formed due to the fact than

InAs and AlSb have no atoms in common. They present a

lattice distortion different than the one due to the average

mismatch between InAs and AlSb. Chemical compositions,

analyzed from STEM-HAADF at the interfacial scale, are in

very good agreement with the GPA analysis. Combining

STEM-HAADF and GPA, it has been possible to determine

more precisely the chemical composition of the interfaces

than using only one of these methods. We observed that the

strain status of these layers depends on the growth sequence

used to form the interfaces. Tensile strained AlAs-like inter-

faces tend to form predominantly both on InAs and on AlSb

due to the higher thermal stability of AlAs compared with

other binary compounds that can exist at the layer boundaries

in this material system. However, the formation of strongly

asymmetric interfaces, tensile AlAs-rich and compressive

(Al, In)Sb, respectively, can also be achieved by using

appropriate growth sequences. The actual interfacial compo-

sition will be discussed in more details in a forthcoming pa-

per, as well as the effects of various growth sequences.
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