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We present a Fourier transform photoluminescence study of InAs/AlSb type II
heterostructures, spanning the mid infrared 1 pum - 12 um wavelength range. The
investigated samples consist of single-, double-, and multi-quantum wells, grown on
GaAs substrates by molecular beam epitaxy, with different buffer layer structures for
strain accommodation. The photoluminescence intensity is found to be very sensitive
to the detailed structure of the underlying buffer sequence. Calorimetric measurements
of the absorbance at 500 mK shows the weak spatially indirect transitions
superimposed onto the spatially direct absorbance. Very wide quantum wells (100 nm
and 200 nm) exhibit spatially direct as well as spatially indirect photoluminescence.
Polarization resolved photoluminescence of the spatially indirect transitions allow the
contributions of the normal (AISb on InAs) and the inverted(InAs on AlSb) interface

to be separated.

1. Introduction

Heterostructures based on the InAs/AlSb/GaSb material
system are attracting increasing interest because of their
very promising technological applications [1] and unique
physical properties. The valence band maximum of the
AISb barrier is located about 100 meV above the valence
band maximum of InAs, whereas the conduction band
minimum resides in the InAs layers. The conduction band
offset [2] has a value of 1.95 eV at the I'-point providing
excellent electronic confinement. This type II band align-
ment leads to a spatial separation of electrons and holes.
High electron concentrations [3], typically on the order of
1012 cm2 with mobilities [4] exceeding 105 cm2/Vs are
found in InAs/AlISb quantum wells even in the absence of
intentional doping. The main carrier contribution is shown
to originate from the AISb barrier material [5].

Recently, it has been suggested [6] that the cation-on-
anion antisite defect establishes a deep level in the AlSb
barrier, which should be responsible for the dominant
contribution of the observed remote n-doping of the InAs
channels, which has been supported by a study of the mid
infrared emission of single quantum wells (SQW's) [14].
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The InAs/AlSb interface can in principle be driven to be
AlAs - or InSb-like via the epitaxial growth sequence [4].
Besides far infrared magneto-optical transport studies
[7,8], Raman investigations have been published focusing
on heterostructure interface properties [9-11]. Photolumi-
nescence (PL) in the near infrared on InAs/AlISb short pe-
riod superlattices has also been {12,13] reported.

In the present work, the PL of a multi-quantum well
(MQW) and two double quantum wells (DQWs) will be
compared with the absorbance measured via calorimetric
techniques. Furthermore, very wide quantum wells were
investigated (100 nm and 200 nm). These wide quantum
wells show both the spatially direct PL-transitions of the
InAs well and the spatially indirect radiative recombi-
nation of electrons and holes across the type II hetero-
interface. Polarization resolved measurements of the spa-
tially indirect transitions allow us to separate the contribu-
tions of the normal (AISb on InAs) and the inverted (InAs
on AlSb) interface.

2. Experimental

The samples were grown by solid-source molecular-
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beam epitaxy (MBE) on {100} GaAs substrates. The ar-
senic flux was controlled by a valved-cracker effusion cell,
which facilitates the reduction of the arsenic background
pressure during growth of the antimonides by up to three
orders of magnitude as compared to conventional arsenic
effusion cells {15,16]. In the MQWs and DQWs investi-
gated here, a 1000 nm thick relaxed AISb (GaSb) buffer
was grown for accommodation of the lattice constant
misfit. One SQW also had a GaSb/AISb superlattice
grown on the AISb buffer. Then the InAs/AlSb het-
erostructures were deposited. The shutter sequence was
programmed such as to promote InSb-like interfaces [4],
which was confirmed via Raman measurements [11,15].
Finally, the structures were capped with 10 nm of GaSb to
prevent degradation. The very wide InAs layers of 100 nm
and 200 nm thickness, respectively, were embedded in
40 nm AISb barriers grown on a GaSb buffer.

The optical measurements were carried out with a
Fourier transform spectrometer, using double modulation
techniques as described elsewhere [17]. An InSb photodi-
ode operating at 77 K was used to detect the PL. The
samples were positioned in a He exchange gas cryostat.
Optical excitation was accomplished either with visible
radiation from an argon laser (2.54 eV or 2.71 eV) or with
the IR radiation of a YAG:Nd laser (0.94 eV or 1.17 V).
In the Fourier transform photoluminescence excitation
(FTPLE) experiment the broad band emission of a glowbar
source, after traversing the interferometer, excited the PL
of the sample. More details of the FTPLE technique can be
found in Refs. [18] and {19]. The calorimetric absorption
spectroscopy (CAS) experiments were performed using a
3He/4He-dilution refrigerator. The spectra were taken by
measuring the sample temperature in dependence of the
excitation wavelength, using a dispersive spectrometer.
Typical sample temperatures in the present CAS experi-
ments were around 500 mK. More details can be found in
Ref. [20].

3. Results and Discussion

The PL intensity is found to be very sensitive to the
structure of the buffer sequence, as shown in Fig. 1. Spec-
trum (a) has been obtained from a 5 nm InAs SQW grown
on a GaSb/AlSb short period SL on top of an AlSb buffer.
Spectrum (b) corresponds to a 7.5 nm SQW grown on top
of a GaSb buffer. Spectrum (c) is observed from a double
quantum well (DQW), where the two 7.5 nm InAs chan-
nels were separated by an AlSb barrier of 7.5 nm width.
Spectrum (d) has been obtained from a 7.5 nm InAs DQW
sample grown on an AlSb buffer with no GaSb layers in-
serted. The spectra are corrected for the system response
and scaling factors are indicated in the figure.

In Fig. 1 we observe a strong anti-correlation of the PL
intensity of the InAs quantum well structure with the PL
intensity of the buffer layers. Strong radiative recombina-
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Fig. 1. Evolution of the PL intensity with change of
the buffer structure. (a) 5 nm InAs/AlSb single quantum
well (SQW) grown with a GaSb/AISb short period SL on
top of a AlSb buffer, (b) 7.5 nm SQW with GaSb buffer,
(¢) 7.5 nm double quantum well (DQW) with GaSb buffer,
(d) 7.5 nm DQW with AlSb buffer, using GaSb only for
the cap layer. The spectra are corrected for the system re-
sponse

tion from the short period SL is observed in the near IR in
spectrum (a), where the intensity of the InAs SQW is very
weak. In contrast, the DQW structure grown on a thick
AlSb buffer (d), which does not show PL in the near IR,
exhibits very strong emission from the InAs QW's. The in-
tensity variation of the QW emission covers about two
orders of magnitude. The sample with the most intense PL
(d) exhibits an additional transition around 10 pm, with
comparable intensity to the QW emission. The origin is
not known. The cut-off at 650 cm~lof this spectrum is
given by the Hgj_xCdxTe photo-conductor which has
been used for detection of the low energy part. In the fol-
lowing we concentrate on the intensity dependence of
spectra (a) to (d).

3.1. Hole Generation, Diffusion, and Trapping
From the spectra shown in Fig. 1 it is evident that GaSb
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layers in the buffer sequence introduce a competing re-
combination channel due to the type II band alignment of
the materials. Only sharp interfaces provide finite spatial
overlap of the electron and hole wavefunctions to enable
radiative recombination involving the InAs QW's. Due to
electrostatic band bending there is some localization of the
holes at the hetero-interfaces. However, the photo-
generated holes can relax energetically into the GaSb lay-
ers, where the valence band is located about 0.35 eV [2]
above the valence band maximum of AlSb. This is con-
firmed by the intensity enhancement by a factor of 5 ob-
served with a DQW compared to a SQW, where the hole-
confinement between the two InAs channels prevents dif-
fusion away from the hetero-interfaces. Finally, the most
intense PL is observed from the sample containing no
GaSb buffer layers (d). Thus, we conclude, the PL results
can be consistently understood in terms of hole generation,
diffusion and capture, which are all strongly influenced by
the presence of GaSb layers in the buffer sequence.
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Fig.2. PL and absorbance data of an InAs/AlSb

MQW consisting of 100 QWs of 12 nm width, separated
by 10 nm wide barriers. The absorbance has been meas-
ured via FTPLE, CAS and conventional transmission. The
PL has been excited with 2.7 um wavelength radiation.

3.2. Calorimetric Measurements

In Fig. 2 the optical data of an InAs/AISb MQW sample
are collected. The heterostructure consists of 100 periods
of 12 nm wide InAs QWs separated by 10 nm wide AlSb
barriers, such that coupling between the individual QW’s
is not significant. This sample allows to measure the ab-
sorbance via conventional transmission in the spectral re-
gion above 4000 cml. Since the refractive index of the
heterostructure is higher as compared to the GaAs sub-
strate, the heterostructure induces multiple reflection
modulation of the transmission according to the optical
thickness of about 2 pm. While the strong spatially direct
absorption can be measured by transmission spectroscopy,
the multiple reflection of the epitaxial layer obscures the
weak absorbance arising from the spatially indirect transi-

tions across the heterointerface. This contribution, how-
ever, can be measured either with CAS (Fig. (2)) or, if the
PL intensity is sufficiently intense, via FTPLE. The PL
shows up at the onset of the spatially indirect absorbance.
The step-like shape of the absorbance reflects the subband
structure of the electronic system. At the low-energy side
of these steps the spatially indirect contributions start at
lower energies corresponding to the expected value of the
valence band offset (VBO) of 100 meV.

In Fig. 3 PL and CAS spectra of two DQWs are shown.
The absorbance of these samples was not measurable via
conventional transmission experiments. The samples are
nominally identical. Only the thickness of the InSb-like
interfaces has been tried to vary between 2 and 3 MLs.
The CAS spectra of the two samples are identical within
the experimental error. However, the PL of the sample
with 3 ML InSb interface is red-shifted below the low-
enerFy detection limit of the InSb photodiode at 1600
cm™*. This PL spectrum has been recorded with a MCT
photoconductor, resulting in enhanced noise contributions.
The red-shift of the PL can be explained with two models.
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Fig.3. PL and calorimetric absorbance of a 12 nm
MQW (a) and two 7.5 nm DQWs. The DQWs were
growth with intentionally 2ML (b) or 3 ML (c) thick InSb-
like IFs, respectively.
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(i) The growth of 3 ML InSb results in the creation of
additional deep defects at the heterointerface. (ii) Growth
of two or three ML InSb establishes additional hole con-
finement according the energetically higher valence-band
maximum of InSb compared to AlSb. Similar observations
have been made recently with short period InAs/AlSb SLs
emitting in the near infrared [13]. In these experiments the
transition energy of the sample with InSb-like interfaces
was lowered by 96 meV as compared to the sample with
AlAs-like IFs. This observation supports that the growth
of InSb monolayers establishes hole confinement, leading
to the observed red-shift.

3.3. Spatially indirect and direct Transitions

In this section, we consider very wide InAs layers with a
thickness of 100 nm and 200 nm sandwiched between
40 nm thick AlSb barriers grown on a 1000 nm GaSb
buffer layer. In such wide QW's we have to expect the
formation of triangular shaped electron channels at the top
and bottom hetero-interfaces due to the electrostatic band
bending. Furthermore, due to comparable dimensions of
the layer thickness and hole diffusion length, this type of
samples will also exhibit bulk-like properties.
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Fig. 4. Spatially direct and indirect PL of very wide

InAs quantum wells.
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The spectra obtained from these two very wide InAs
QW's are shown in Fig. 4. These samples do not exhibit
any detectable signal at transition energies below
220 meV. Besides a weak feature at 250 meV, the spec-
trum of the 200 nm layer (bottom) consists of one single
line. This line is located at an energy of 366 meV in excel-
lent agreement with the prediction of an InAs band gap [8]
of 357 meV in the case of biaxial tensile strain due to
growth on GaSb. In contrast, the 100 nm layer exhibits
only a weak transition near the same spectral position of
the InAs band gap, while two broad bands at lower transi-
tion energy become dominant. These bands are separated
from the transition at 366 meV by energies of 74 and
124 meV. The relative intensity of the two bands is altered
when the excitation wavelength is changed. For visible
excitation the high energy component is weakened,
whereas the spectral shape of the individual components is
not affected significantly.

Due to band bending in the 200 nm wide layer, there
will be a weak confinement attracting the photo-generated
holes towards the center of the InAs layer, thus preventing
them from diffusing towards the AISb layers. This ex-
plains the strong PL intensity at the energy expected for
the bulk transition. Therefore, the high energy transition at
366 meV is due to spatially direct recombination in the
bulk-like InAs layer. In the 100 nm layer the hole con-
finement is weakened, since the influence of band bending
decreases with decreasing layer width. In addition, the
photo-generation of holes in the InAs layer itself is de-
creased due to the decrease in layer thickness. Thus, the
spatially indirect transitions across the hetero-interfaces
become dominant.

The normal and inverted InAs/AlISb interface results in
PL lines separated by 50 meV. The higher energy PL
transition is assigned to the inverted interface. This as-
signment is supported by the reduced PL intensity for
visible excitation due to the reduced penetration depth in
comparison to IR excitation (see Fig. 4). Due to the hole
capture in the underlying buffer layer, a space charge field
arises (see Fig. 6), leading to a preferential accumulation
of electrons at the bottom interface of the InAs layer,
where the confinement energy of the triangular shaped
potential is stronger. This leads to different PL transitions
energies of the two interfaces.

3.4. Optical Anisotropy due to inequivalent Interfaces

The 100 nm layer exhibits a double peak structure of the
spatially indirect PL. In the preceding chapter this has been
attributed to the normal (AlSb on InAs) and inverted (InAs
on AlSb) interface [14]. This assignment can be directly
confirmed by polarized PL measurements: The PL shown
in Fig. 5 has been recorded in the conventional geometry,
i. e. excitation and emission normal to the {100} sample
surface. A significant change of the two contributions de-
pending on the polarization orientation is observed.
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Fig. 5. Polarized PL of the 100 nm wide InAs layer.
Excitation and emission was oriented normal to the {100}
sample surface.
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Fig. 6. Asymmetric potential shape of a wide InAs
layer induced by space charge fields due to capture of
photo-generated holes in the GaSb buffer layer. This leads
to preferential electron accumulation at the bottom inter-
face, where the confinement of the triangular shaped po-
tential is stronger.

As outlined by Lavallard et al. [22] in type II SLs the
degeneracy of the I'5 heavy exciton states is lifted and the
two sublevels correspond to excitonic dipoles aligned
along the [Q11] and [011] crystallographic axes. A pertur-
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bation of T4 symmetry (which transforms like the unit
vector eqop in growth direction) [23] together with the
electron-hole exchange interaction has to be considered to
describe the situation. The existence of the perturbation is
related to the lowering from the Dp4 symmetry of the ideal
SL to the Cp, symmetry of the interfaces. Most likely the
biaxial tension of the InAs layer is responsible for this
perturbation. It is due to the existence of a shear strain
located at the individual interface in the [011] and {011}
directions, with opposite sign for normal and inverted in-
terface [22].

The alignment of the excitonic dipoles along the crystal-
lographic axes is illustrated in Fig. 7. In this figure the
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Fig. 7.  Configuration of the tetrahedra which build up
the normal (AlSb on InAs) and the inverted interface (InAs
on AlSb) of a sample grown in [100] direction. The planes
containing the InSb-like bonds of the heterointerfaces are
drawn shaded. These planes are orthogonal to the (100)
sample surface. The projection of these planes on the
sample surface is parallel to the [Oli] direction for the
normal interface and parallel to the [011] direction for the
inverted interface. In addition the projection on a (011)
plane is shown in the left part of the figure. In this part the
projection of the InSb-like bonds is indicated with double
lines.
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tetrahedra which build up the InSb-like interfaces are
shown. The planes containing the InSb-like bonds are
drawn shaded. These planes are orthogonal to the (100)
sample surface. The projection of these planes on the
(100) sample surface is oriented in the [01l] direction for
the normal interface, and in [011] direction for the in-
verted interface. Thus, if the contributions of the PL re-
lated to the two types of interface are not identical, a po-
larization dependence can be observed. Necessarily the
type II exciton has to be localized at one of the two inter-
faces, otherwise differences due to the two types of inter-
face cannot be expected. If the inverted interface grows
structurally worse than the normal one, the creation of
additional non-radiative centers will suppress the radiation
of this interface and the PL intensity will be maximized
with the polarizatioh oriented in [011] direction. In the
present case the two contributions of the interfaces are
spectrally separated due to the band bending induced by
space charges (see Fig. 6), which facilitates the observa-
tion of this effect.

4. Summary

We have studied the photoluminescence of InAs/AlSb
heterostructures and demonstrated the influence of the
buffer layer sequence on the PL spectra. The relaxation of
photo-generated holes into the underlying GaSb layers of
the buffer system, leading to spatial separation of the ex-
cess carriers, is demonstrated to be a key mechanism.
Calorimetric absorbance measurements show the spatially
direct as well as the indirect contributions, spectrally sepa-
rated by the value of the VBO. An increase of the thick-
ness of the InSb-like IFs indeed leads to a red-shift of the
PL as expected from the formation of a hole-attracting
potential step at the IF. The PL of very wide InAs layers
consists of both spatially-direct and spatially-indirect ra-
diative transitions. Polarization dependent measurements
allow to distinguish between the contributions of the nor-
mal and the inverted interface of the spatially indirect
transitions.
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