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Spatially direct and indirect photoluminescence from InAs/AlSb heterostructures
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We present a Fourier-transform photoluminescence study of InAs/AlSb type-II heterostructures,
spanning the midinfrared 1-12-um wavelength range. The investigated samples consist of single and
double 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. The use of a GaSb buffer or a GaSb/AlISb su-
perlattice in the buffer gives rise to an additional radiative-recombination channel in the near infrared,
which competes with radiative recombination in the InAs quantum wells at longer wavelengths. Varia-
tions in the spectra observed under visible and infrared excitation provide evidence that the recently ob-
served persistent photo effect is governed by hole capture in the GaSb layers in the buffer sequence. Fur-
thermore, very wide quantum wells (100 and 200 nm) show spatially direct as well as spatially indirect
photoluminescence, providing insight into the nature of the transition from the bulklike semiconductor

to the type-II heterostructure.

I. INTRODUCTION

Heterostructures based on the InAs/AlSb/GaSb ma-
terial system are attracting increasing interest because of
their very promising technological applications' and
unique physical properties. The valence-band maximum
of the AISb barrier is about 100 meV above the valence-
band maximum of InAs, whereas the conduction-band
minimum resides in the InAs layers. The conduction-
band offset? has a value of 1.35 eV in the case of the in-
direct band gap and 1.95 eV at the I point, providing ex-
cellent electronic confinement (see inset in Fig. 1). This
type-II band alignment leads to a spatial separation of
electrons and holes. The very large conduction-band
offset is of the order of the energy barrier between the
semiconductor and the vacuum. Therefore, Tamm
states,” which are associated with the heterointerface,
may be important for the understanding of the properties
of the InAs/AlSb interface, which can be driven via the
epitaxial growth sequence to be AlAs- or InSb-like. A
further important question under discussion with respect
to the existence of Tamm states is the origin of part of the
very high electron concentrations® (typically on the order
of 10" cm™2). They are found in InAs/AlISb quantum
wells even in the absence of intentional doping, with
mobilities* routinely exceeding 10° cm?/V s. This high
concentration is partly attributed to a surface contribu-
tion>® in the case of small AlSb barriers between the
InAs well and the GaSb cap layer. The main contribu-
tion is shown’ to originate from the AlSb barrier materi-
al. Recently, it has been suggested® 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 doping of the InAs
channels.

In contrast to the intense investigation of the transport
properties of the above material system' there have been
very few reports on the optical properties. Besides far-
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infrared magneto-optical transport studies,”'© there have

been published Raman investigations focusing on hetero-
structure interface properties.'! !> Photoluminescence
(PL) in the near infrared on narrow InAs/AlSb superlat-
tices (SL’s) has also been reported.!* Recently, we have
presented a study of the midinfrared emission of wide sin-
gle quantum wells (SQW’s),!® with the optical data show-
ing good correlation to the measured transport proper-
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FIG. 1. Self-consistent two-band calculation of the depen-
dence of the transition energy of InAs/AlSb type-II hetero-
structures on the QW width, assuming a valence-band offset
(VBO) of 100 meV as indicated in the inset. The biaxial tensile
strain due to relaxation of the AlSb layer (b) leads to a reduction
of the band gap to 287 meV and an effective mass of 0.0187m,.
Growth on GasSb (a) leads to a higher band gap of 357 meV and
higher effective mass. In (a) and (b) an electron sheet density of
n=1X10' cm~? was assumed, which affects the wider QW’s.
Neglecting the space-charge effects (depopulated wells) results
in the well-width dependence shown in (c).
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ties. In Ref. 15 the persistent photo effect'®!? could be
observed by PL, where a broadening and blueshifting of
the spectra was observed in the case of long-wavelength
excitation. This was explained by a photo-induced
enhancement of the electron concentration raising the
Fermi energy to a maximum value limited by an apparent
resonance with a defect-related deep level>’ 400 meV
above the valence-band maximum of the AlSb barriers.
Following Shen et al.® we have attributed this level to
the Alg, antisite.

In the present work, a detailed analysis of the influence
of the epitaxial buffer-layer sequence on the PL intensity
will be presented. It will be shown that the PL intensity,
as well as the persistent photo effect, is governed by hole
capture. Because of the valence-band alignment, the
GaSb layers act as a sink for the photo-generated holes,
preventing them from recombining with the electrons
confined in the InAs QW’s (see inset in Fig. 1). Further-
more, very wide quantum wells were investigated (100
and 200 nm). These wide quantum wells show both the
spatially direct transitions of the InAs well and the spa-
tially indirect radiative recombination of electrons and
holes across the type-II heterointerface. This behavior
provides further insight into the transition from a bulk-
like semiconductor to a type-II heterostructure.

II. EXPERIMENTAL

The samples were grown by solid-source molecular-
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 by up to three orders of magni-
tude as compared to conventional arsenic effusion cells.'®
As has been demonstrated in Refs. 18 and 19, MBE
growth of binary AIlSb layers with a conventional cell
leads to the formation of ternary AlAs,_, Sb, alloys with
arsenic mole fractions typically exceeding 10%. The
structures investigated here consist of a 100-nm GaAs
buffer followed by two periods of a 4-ML AlAs-2-ML
GaAs short-period superlattice with a 100-nm AlSb nu-
cleation layer on top. Next, a thick (1000 nm) relaxed
AISb or GaSb buffer was grown for accommodation of
the lattice-constant misfit. One sample also had a
GaSb/AlSb short-period SL grown on the AISb buffer.
The InAs/AlISb QW structure was deposited with a 40-
nm AISb barrier below and a 10-nm barrier on top. The
shutter sequence was programmed so as to promote
InSb-like interfaces,* which was confirmed following the
MBE growth via Raman measurements.!>!® Finally, the
structures were capped with 10 nm of GaSb to prevent
degradation.

The optical measurements were carried out with a
Fourier-transform spectrometer, using double-
modulation techniques as described elsewhere.?’ An InSb
photodiode operating at 77 K was used to detect the PL.
The samples were positioned in a He exchange gas cryo-
stat. Optical excitation was accomplished either with
visible radiation from an argon laser (2.54 or 2.71 eV) or
with the ir radiation of a YAG:Nd laser (where YAG is
yttrium aluminum garnet) (0.94 or 1.17 eV).
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III. RESULTS AND DISCUSSION

The calculated dependence of the PL transition energy
on the QW width, using a self-consistent two-band model,
is shown in Fig. 1. Due to growth on a strain-relaxed
GaSb (a) or AISb buffer (b), biaxial tensile strain decreases
the band gap'® of InAs to a value of 357 or 287 meV, re-
spectively. In (a) and (b) an electron concentration of
1X 102 cm ™2 has been assumed. If the electrostatic band
bending is neglected (i.e., undoped QW’s), significant de-
viation occurs for the wide QW’s, as shown by curve (c)
in Fig. 1. To obtain the transition energies of the spatial-
ly indirect PL a valance-band offset of 100 meV between
InAs and AlSb has been assumed.

The PL intensity is found to be very sensitive to the
structure of the buffer sequence, as shown in Fig. 2.
Spectrum (a) has been obtained from a 5-nm InAs SQW
grown on a GaSb/AlSb short-period SL on top of 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 channels were separated by an AISb 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 inserted. The spectra are corrected for
the system response and scaling factors are indicated in
the figure.

In Fig. 2 we observe a strong anticorrelation of the PL
intensity of the InAs quantum-well structure with the PL
intensity of the buffer layers. Strong radiative recombina-
tion from the short-period SL is observed in the near ir in
spectrum (a), where the intensity of the InAs SQW is very
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FIG. 2. Evolution of the PL intensity with change of the
buffer structure (a) 5-nm single quantum well grown with a
GaSb/AlSb short-period SL on top of an AlSb buffer, (b) 7.5-nm
SQW with a GaSb buffer, (c) 7.5-nm double quantum well with a
GaSb buffer, (d) 7.5-nm DQW with an AISb buffer, using GaSb
only for the cap layer. The spectra are corrected for the system
response.
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weak. In contrast, the DQW structure grown on a thick
AISb buffer (d), which does not show PL in the near ir,
exhibits very strong emission from the InAs QW’s. The
intensity variation of the QW emission covers about two
orders of magnitude. It is interesting to note that the
sample with the most intense PL (d) exhibits an addition-
al transition around 10 um, which is comparable to the
intensity of the QW emission. The cutoff at 650 cm ™! of
this spectrum is given by the Hg,_, Cd, Te photoconduc-
tor which has been used for detection of the low-energy
part. We will discuss this low-energy transition in the
framework of Tamm states later. In the following we
concentrate on the intensity dependence of spectra
(a)-(d).

A. Hole generation, diffusion, and trapping

From the spectra shown in Fig. 2 it is evident that
GaSb layers in the buffer sequence introduce a competing
recombination channel, due to the type-II band align-
ment of the materials (see inset in Fig. 1). Only sharp in-
terfaces provide finite spatial overlap of the electron and
hole wave functions, to enable radiative recombination
involving the InAs QW’s. Due to electrostatic band
bending there is some localization of the hole at the
heterointerfaces. However, the photo-generated holes
can relax energetically into the GaSb layers, where the
valence band is located about 0.35 eV above the valence-
band maximum of AlISb.>!” This is confirmed by the in-
tensity enhancement by a factor of 5 observed with a
DQW compared to a SQW, where the hole confinement
between the two InAs channels prevents diffusion away
from the heterointerfaces. Finally, the most intense PL is
observed from the sample containing no GaSb layers (d).

The above explanation is further supported by the re-
sults of measurements on a sample containing three InAs
single quantum wells grown on top of an AlSb buffer lay-
er (Fig. 3). The narrowest QW (5 nm) was grown first,
followed by a 10-nm QW, with the widest QW (20 nm) lo-
cated closest to the sample surface. The QW’s were
separated by 7.5-nm AISb barriers, such that coupling of
the electron wave functions is not significant. The ex-
pected transition energies according to Fig. 1 are indicat-
ed with vertical dashed lines. We observe two lines,
where the spectral shape of the low-energy transition is
altered when the excitation wavelength is changed. This
is caused by the overlap of the emission of the two wider
QW’s which will be shown later.

First, we concentrate on the evolution of the relative
intensities while changing the excitation from the ir [Fig.
3(a)] to the visible [Figs. 3(b) and 3(c)]. Despite the short-
er penetration length of the visible excitation, the relative
intensity of the 5-nm QW increases in the case of 2.71-eV
excitation. The ir excitation, which is only absorbed by
the InAs QW’s, leads to a relative enhancement of the PL
from the wider QW’s located above.

In the case of visible excitation, the hole generation
takes place predominantly in the AISb buffer, resulting in
the relative enhancement of the intensity of the 5-nm
SQW. This is because this QW is located closest to the
AlISb buffer. The ir excitation, however, cannot be ab-
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FIG. 3. PL of three InAs single quantum wells (5, 10, and 20
nm width) embedded in an AISb matrix. The dependence on
photon energy of the excitation is shown. The transitions of the
two wider quantum wells overlap, due to the increase of the
transition energy of the 20-nm QW (populated).

sorbed by the AISb buffer, and the hole generation then
takes place exclusively at the InAs QW. In the present
structure the photo-generated holes are then confined in
the AISb barriers between the three InAs QW’s. The 10-
nm QW in the middle of the heterostructure is confined
by two AISb barriers and in the case of ir excitation the
10-nm QW indeed exhibits the most intense emission.

The above explanation accounts for the observation of
only two separate lines in Fig. 3, while the structure con-
sists of three QW’s. The emission of the 20-nm QW will
be weaker in intensity as compared to the 10-nm QW.
Moreover, according to Fig. 1, the transition of the 20-
nm QW is expected to shift to higher energies due to the
high electron concentration, resulting in an overlap with
the transition of the 10-nm QW, which is depopulated.
For these two reasons we only observe a change in spec-
tral shape when changing the excitation wavelength.

An increase of the sample temperature to 77 K [spec-
trum (d) in Fig. 3] provides further support for the pic-
ture outlined above. The emission of the 5-nm QW
disappears, while the PL of the two other QW’s remains
detectable. Thus, at higher temperature the holes located
at the lowest heterointerface of the 5-nm QW diffuse
away toward the substrate, while the confined holes still
give rise to PL from the 10- and 20-nm QW’s.

These results also give insight into the persistent photo
effect,'®!” which has recently been observed in similar
structures. Samples which contain GaSb layers in the
buffer structure showed a strong blueshifting and
broadening of the PL spectra in the case of ir excita-
tion.!> This was explained by an increase of the electron
concentration in the InAs channels. The present results



reveal that this enhancement in electron concentration is
made possible by hole capture in the GaSb layers in the
buffer sequence. Consequently, the heterostructures
grown here without GaSb layers in the buffer do not
show a significant change of the spectral shape when the
excitation energy is changed, because there is no spatial
separation of the photo-generated holes away from the
QW interfaces. The PL results presented above can thus
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.

B. Tamm states

We now focus on the emission at a transition energy
around 100 meV (10 um) shown in spectrum (d) of Fig. 2,
which was observed from the 7.5-nm-wide DQW under ir
illumination. It is quite surprising to observe such an in-
tense emission in this spectral region. This emission is
observed only under ir excitation conditions, where the
hole generation takes place exclusively in the InAs QW’s.
This opens the discussion whether Tamm states are re-
sponsible for this transition. As outlined by Kroemer
and co-workers® a simple approximation of the influence
of these interface states is given by adding a 6-like poten-
tial spike at the interface. In the case of a hole-attracting
potential spike, this could explain the localization of the
holes at the interface which makes PL possible. This in-
terpretation assigns the low-energy transition at 10 um to
the radiative recombination of the electrons in the InAs
well with holes localized in the potential step associated
with Tamm states of the heterointerface. However, fur-
ther experiments must be carried out in order to confirm
this hypothesis.

C. Spatially indirect and direct transitions

In this section, we consider very wide InAs layers with
thicknesses of 100 and 200 nm sandwiched between 40-
nm-thick AISb barriers grown on a 1000-nm GaSb buffer
layer. In such wide QW’s we have to expect the forma-
tion of triangular-shaped electron channels at the top and
bottom heterointerfaces, due to the electrostatic band
bending. Furthermore, due to comparable dimensions of
the layer thickness and hole diffusion length, this type of
sample will also exhibit bulklike properties.

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 spectrum
of the 200-nm layer (bottom) consists of one single line.
This line is located at an energy of 366 meV, in excellent
agreement with the prediction of an InAs band gap'® of
357 meV in the case of biaxial tensile strain due to
growth on GaSb. Comparing this spectrum with the
emission of the 100-nm layer, only a weak transition is
observed at about the same spectral position, while two
broad bands at lower transition energy become dominant.
These bands are separated from the transition at 366
meV by energies of 74 and 124 meV. The relative intensi-
ty of the two bands is altered when the excitation wave-
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FIG. 4. Spatially direct and indirect PL of every wide InAS
quantum wells.

length is changed. For visible excitation the high-energy
component is enhanced, 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 toward the center of the InAs layer (see
inset in Fig. 1), thus preventing them from diffusing to-
ward the AISb layers. This explains the strong PL inten-
sity at the energy expected for the bulk transition. There-
fore, the high-energy transition at 366 meV is due to spa-
tially direct recombination in the bulklike InAs layer. In
the 100-nm layer the hole confinement 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 decreased due to the decrease in
layer thickness. Thus, the spatially indirect transitions
across the heterointerfaces become dominant.

We do not directly observe an energy difference of 100
meV between the direct and indirect PL peaks as expect-
ed from the value of the valence-band offset, because of
electron confinement in the triangular-shaped potential
wells at the two interfaces. Furthermore, as pointed out
in Ref. 15, there is evidence for an acceptor level 80 meV
above the AlSb valence-band maximum, which also leads
to redshift of the PL transitions. The relative enhance-
ment of the high-energy part of the indirect PL in the
case of visible excitation indicates that this component
originates from the lower interface, which contains a
higher electron concentration than the top channel. This
behavior is in full agreement with the previous results,
which indicated that the excess holes are spatially
separated in the GaSb buffer, which then leads to elec-
tron accumulation in the channel of the lower heteroin-
terface.
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IV. CONCLUSION

We have studied the photoluminescence of InAs/AlSb
heterostructures and investigated in detail the influence
of the buffer-layer sequence on the PL spectra. Samples
which do not contain GaSb layers in the buffer sequence
exhibit PL signals which are two orders of magnitude
stronger than those from samples with GaSb layers in the
buffer sequence. Generation, diffusion, and capture of
the photo holes are all shown to influence both the PL in-
tensity and the photo-induced change of the electron con-
centration. The relaxation of photo-generated holes into
the underlying GaSb layers of the buffer system, leading
to spatial separation of the excess carriers, is a key mech-
anism. The observation of a very intense emission in the
spectral range around 10 yum lends preliminary support
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to the hypothesis that Tamm states might be relevant for
the interface properties. The PL from very wide InAs
layers provides insight into the transition from a type-II
heterostructure to a bulk semiconductor, due to the ob-
servation of both spatially direct and spatially indirect ra-
diative transitions.
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