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Surfactant mediated growth of strained InAs/AlAs0.56Sb0.44 quantum wells on InP (001) substrate

is investigated. X ray diffraction and transmission electron microscopy analysis reveal that the

supply of antimony on InAs surface delays the 2D to 3D growth transition and allows the growth

of thick InAs/AlAsSb quantum wells. Quantum well as thick as 7 ML, without defect was achieved

by Sb surfactant mediated growth. Further high resolution transmission electron microscopy

measurement and geometric phase analysis show that InAs/AlAsSb interfaces are not abrupt. At

InAs on AlAsSb interface, the formation of a layer presenting lattice parameter lower than InP

leads to a tensile stress. From energetic consideration, the formation of As rich AlAsSb layer at

interface is deduced. At AlAsSb on InAs interface, a compressive layer is formed. The impact on

optical properties and the chemical composition of this layer are discussed from microscopic

analysis and photoluminescence experiments. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913845]

Inter-Subband Transitions (ISBT) involve only one type

of carriers, generally in the conduction band. Due to their

ultra-fast dynamics and large non-linearity,1,2 ISBT based

devices are excellent candidates for the development of

optoelectronics devices working at data rates exceeding

100 Gbps.3,4 To achieve ISBT operating in the 1.55 lm tele-

com band, a huge conduction band offset is necessary and

only a limited number of material combinations such as

GaN/AlGaN,5 (CdS/ZnSe)/BeTe,6 and InGaAs/AlAsSb7

meets this requirement. The latter material combination can

be lattice matched to InP, making it fully compatible with

the standard telecom device technology, and thus very prom-

ising for ultrafast telecom applications. However, growth of

InGaAs/AlAsSb Quantum Wells (QWs) is still quite chal-

lenging. Number of elements is changed at interfaces and

both Sb and In elements show large segregation to the

growth front. It results in the formation of graded interfaces

which shift ISBT at wavelengths longer than 1.55 lm.8,9

The insertion of AlAs thin layers at interfaces which limits

inter-diffusion10 and (/or) the use of InGaAs alloys with high

In content11 to increase the quantum confinement have been

proposed to blue shift the ISBT. Despite these procedures,

ISBT observation at 1.55 lm in single QW has been not yet

reported in this material system.

The growth of pure InAs/AlAsSb QWs would allow a

larger conduction band offset than in InGaAs/AlAsSb QWs,

which is favorable for ISBT at 1.55lm. Moreover, reducing the

number of atomic species switched at interfaces simplifies inter-

face growth. However, the 3.2% mismatch between InAs and

InP lattice parameters leads to a transition from a two dimen-

sional (2D) to a three dimensional (3D) growth mode between 2

and 3 ML.12,13 We have shown that Sb surfactant mediated

growth prevents InAs 3D growth up to 14 ML on Ga0.47In0.53As

matrix.14 In order to achieve InAs/AlAsSb QWs, we propose to

use Sb-mediated growth of InAs on AlAs0.56Sb0.44 lattice

matched to InP. Structural properties of thick InAs deposits

were analyzed by X-Ray Diffraction (XRD) and High

Resolution Transmission Electron Microscopy (HREM).

Optical properties of InAs/AlAsSb QWs were examined using

Photoluminescence (PL) and the results are discussed in relation

with microscopic analysis.

All the samples were grown by solid source molecular

beam epitaxy on InP (001) substrates with a Riber compact

21 system. During the whole growth runs, the substrate tem-

perature was set at 450 �C resulting from a compromise

between AlAsSb and InAs optimum growth temperatures.

The substrate temperature was monitored with an optical py-

rometer, calibrated from InP oxide layer desorption tempera-

ture. The beam equivalent pressure ratio between group V

and III elements was kept near unity to control the Sb and As

incorporation in AlAs0.56Sb0.44 alloy. After oxide desorption

and InP buffer layer deposition, a 15 nm AlAsSb layer was

grown and InAs layers of various thicknesses were depos-

ited. The InAs growth rate was set at 0.3 ML/s, and the Sb

beam equivalent pressure supplied on InAs surface was

maintained at 3.4� 10�7 Torr. Growth interruptions under

mixed As and Sb fluxes of 5 s and 30 s, respectively, were

performed before and after the InAs deposit. Then a 15 nm

AlAs0.56Sb0.44 layer was grown. Finally, a 5 nm lattice

matched GaAsSb layer was deposited on top of the structure

to prevent oxidation. High-resolution XRD patterns were

measured on a Bruker AXS D8 system. A double-Ge (220)-

crystal monochromator was employed. Transmission

Electron Microscopy (TEM) observations were made on

cross-sectional lamellas thinned in the [1-10] direction by

mechanical polishing and ion milling. Dark-field images

were recorded on a Philips CM20 system at an accelerating

voltage of 200 kV. HREM observations were performed at
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200 kV on a TECNAI F-20 microscope equipped with a

spherical aberration corrector, which allows to avoid the

delocalization effect at interfaces and to achieve a 0.12 nm

spatial resolution. PL measurements were carried out at 15 K

in a closed cycle cryostat. A 532 nm laser was used as an ex-

citation source.

Single InAs QWs with thicknesses from 5 to 13 ML

were achieved under Sb mediated growth procedure. XRD

patterns performed at the vicinity of InP(004) reflection are

reported in Figure 1. In absence of periodic structures, the

XRD patterns are the results of interference between waves

scattered in the substrate, barriers, and cap layers. The inten-

sity modulation (Pendell€osung fringes) is related to the layer

flatness and stress relaxation.15,16 At the beginning of the

stress relaxation, the Pendell€osung fringes fade away and the

radiation background due to incoherent scattering drastically

increase. In Figure 1, Pendell€osung fringes are obviously

detected up to 7 ML. Thus, the critical thickness is estimated

to be higher than 7 ML. Note that during the InAs growth, a

critical thickness for 2D-3D transition between 2 and 3 ML

has been reported for similar growth conditions but without

Sb supplied on surface.12,13

Figure 2 shows dark-field TEM cross-sectional images

from 7 ML to 12 ML InAs QWs. For the first QW (Figure

2(a)), no extended defect was observed over a large area.

Interfaces are flat and the thickness of InAs layer is homoge-

neous, showing that a 2D growth mode with a full elastic

accommodation of the misfit is achieved. For the 12 ML QW

(Figure 2(b)), relatively flat interfaces are also observed,

showing that even for large deposit, the 3D growth mode is

delayed by the supply of Sb on surface. However, several

dark lines are observed over the InAs layer. They are identi-

fied as signatures of mixed-type 60� dislocations indicating

that plastic strain relaxation has occurred for the 12 ML InAs

sample.

7 ML-thick InAs QW assuming a square composition

profile, present from tight-binding calculations,17 an ISBT

around 1.55 lm. However, intermixing and segregation lead

to a shift of ISBT to longer wavelength.10 In order to investi-

gate the actual profile of surfactant mediated grown InAs

QW, a strain analysis was performed at a very local scale

applying the Geometric Phase Analysis (GPA) to an HREM

image (Figure 3(a)). The GPA method captures the varia-

tions with respect to a reference zone of the in-plane and

out-of-plane lattice parameters, exx and eyy, respectively.18

The reference zone was taken in the first AlAs0.56Sb0.44

barrier, sufficiently far from the QW to avoid interfacial gra-

dient, and in the following will be considered unstrained.

The mapping of exx, the variation of the in-plane lattice pa-

rameter, is homogeneous (not shown), indicating a full elas-

tic accommodation of the lattice mismatch. The mapping of

eyy, the variation of the out-of-plane lattice parameter, is

reported in Fig. 3(b) and its profile along the growth axis

[001], averaged over 15 nm in the in-plane direction [110] is

reported in Fig. 3(c). For a material under tetragonal strain,

eyy is related to the misfit (f) and to the physical out-of-plane

internal strain e?phys by

eyy ¼ f þ e?phys ¼ f 1þ 2
C12

C11

� �
; (1)

where C11 and C12 are the elastic coefficients (83.3 GPa and

45.3 GPa, respectively, for InAs).19

Having a lattice misfit of 3.2% with InP, a coherently

strained InAs layer is expected to produce an eyy of 6.7%.

This value must be minored by surface relaxation due to

thinning and the shouldering at exx¼ 5% in the region from

3 nm to 4 nm in Figure 3(c) can thus be attributed to InAs.

Besides that, other features are observed in the eyy profile.

First at InAs on AlAsSb interface, a large negative eyy peak

indicates that this interface is under tensile stress. The

possible ternary alloys presenting a negative misfit are

“As-rich” AlAsySb1�y (y> 0.56) and “Al-rich” AlxIn1�xAs

(x> 0.48) and more generally AlAs rich (with misfit f of

�3.6%, C11 and C12 of 118 and 53 GPa,19 respectively,

pure AlAs coherent to InP substrate would have an out-of-

plane strain of �3.0%, which corresponds to an eyy of

�6.6%). Since Al for In exchange at this interface is very

unlikely due to the stronger AlAs chemical bond in com-

parison with InAs, the formation of AlxIn1�xAs can be rea-

sonably excluded.20 In contrast, antimonide chemical

bonds are weaker than arsenide ones and Sb is well known

to be displaced by As at interface and to segregate to the

surface.21–23 These effects produce a depletion of Sb in the

upper atomic layers of the barriers, i.e., “As rich”

AlAsySb1�y. To summarize, the formation of AlAs-rich

layer at InAs on AlAsSb interface is deduced from experi-

mental strain profile.
FIG. 1. x-2h scans XRD pattern of 5 to 13 ML thick InAs QW in AlAsSb

matrix near the (004) InP reflection.

FIG. 2. Transmission electron microscopy dark-field images from 7 ML (a)

and 12 ML (b) InAs/AlAsSb QW samples.
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At AlAsSb on InAs interface region, an opposite behav-

ior with an out-of-plane strain significantly larger than

expected for pure InAs is observed. In other words, a layer

with a lattice constant larger than InAs is formed. Alloys

leading to this large compressive stress can be formed by

incorporation in the upper barrier of Indium or (and)

Antimony. Both elements are well known to segregate to the

growth front and induced graded profile at interface.24

In Figure 4(a), it is reported PL peak intensity and line-

width measured at 20 K from samples with various QW

thickness from 5 to 10 ML. From 5 to 7 ML thick QWs, the

PL intensity increases and then drastically decreases. This

trend is related to plastic relaxation onset for thick QWs.

A critical thickness comparable with one deduced from

XRD is obtained. PL linewidths around 60 meV are meas-

ured. Such large linewidths are due to the small QW thick-

ness and the huge electron confinement in QWs, which

enhances effect of QW thickness fluctuation. From PL

energy vs thickness curves reported in Fig. 4(b), a QW

thickness fluctuation around 1 ML InAs is deduced, in

agreement with flat interfaces observed by TEM.

The theoretical interband transition energies for InAs/

AlAsSb QWs with ideally abrupt interfaces are shown (black

line) in Fig. 4(b). Calculations were done using a 6 band k�p
code with material parameters from Ref. 25, assuming a con-

duction band offset of 1.8 eV. The strain effect on band

structure is taken into account. Experimental PL energies are

lower than calculated ones for every nominal thickness. The

formation of unintentional layers at interfaces revealed by

TEM could be the origin of such discrepancies. In order to

estimate changes induced by interfacial layers, complemen-

tary k�p calculations, assuming various interfaces were per-

formed. In these calculations, indium desorption is

considered negligible at the growth temperature used. The

amount of Indium inside the whole structure is thus assumed

to be constant. In other words, if indium segregates from

InAs QW to AlAsSb barriers, in accordance QW thickness is

reduced. In contrast, for antimony we consider desorption

and, its amount can vary.

First, a 1ML strained AlAs layer was inserted at InAs on

AlAsSb interface. It results in a weak change of transition

energy. Therefore, the formation of arsenic rich AlAsSb

layer deduced from HREM analysis cannot itself explain the

observed shifts with experiments. In the following, we keep

this layer at InAs on AlAsSb interface. The phenomena at

the other interface are more complex. In a first attempt to

describe this interface, we consider In to Al exchange and in-

dium segregation into AlAsSb barriers. The insertion of

AlInAs layers results of weak increase of transition energy.

It is mainly due to the QW thinning induce by Indium segre-

gation. Next, we consider the incorporation in AlAs0.56Sb0.44

barrier of the large amounts of Sb atoms supplied on the

growth front during the deposition of InAs. In addition with

indium segregation, this phenomenon leads to the formation

of Sb rich AlInAsSb alloys at interface. The calculations for

various AlInAsSb interfacial layer compositions show a

large decrease of transition energies (Fig. 4(b)). The best fit

is obtained for upper AlInSb interface though care must be

taken since band structure and offset parameters of these

highly strained layers is not accurately known. Note that it is

consistent with local strain measurement and well reported

antimony segregation.

To summarize InAs/AlAsSb QWs are promising for

ISBT applications operating in 1.55 lm band. An interesting

feature of Sb mediated growth is its ability to maintain a 2D

growth mode over a thickness more than two times larger

FIG. 3. (a) HREM image in ½1�10� zone axis of the 7 ML thick InAs QW. (b) Map of the out-of-plane variations of the lattice parameter eyy determined from

the geometric phase analysis (0.8 nm spatial resolution). (c) eyy profile along the growth direction. The arrow indicates the growth direction.

FIG. 4. Low temperature (20 K) experimental PL measurements for 5 to

10 ML thick InAs/AlAsSb QWs, (a) PL peak intensity and PL linewidth ver-

sus thickness and (b) PL energy as function of InAs nominal thickness:

experimental data (squares), k�p calculations with the nominal band gap

structure (black line) and including various interfacial layers (color lines)

For each calculated curve, the composition of the lower/upper interfaces is

indicated. The width of interfaces was set at 1 ML.

081908-3 Zhao et al. Appl. Phys. Lett. 106, 081908 (2015)



than for conventional growth. Up to 7 ML thick strained

InAs QWs were grown with no sign of plastic relaxation as

shown by X ray diffraction and TEM. This opens up alterna-

tive ways to reach and use ISBT in the telecom range on this

material system. Complementary HREM and Geometric

Phase Analysis show gradual interface at nanoscale. The

InAs-on-AlAsSb interface is under tensile strain, which is

attributed to Sb-depletion in the topmost layers of lower

AlAsSb barrier. On the contrary, the AlAsSb-on-InAs inter-

face shows high-level of compressive strain. By modelling

various QWs profiles, we conclude that In-segregation and

incorporation of Sb atoms supplied during the surfactant

mediated growth of InAs are together responsible for differ-

ence between experimental and theoretical transition

energies.
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