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Time-resolved radiative recombination measurements on GaSb quantum dots have been performed.
The GaSb quantum dots are grown by molecular beam epitaxy on~100! GaAs through a
self-assembly process. Time-resolved measurements show that, after a rapid hole capture process,
the photoluminescence decays with a fast and a slow component. The fast component is shortened
significantly with higher excitation intensity while the slow component is roughly constant. The
radiative lifetimes are much longer than the lifetimes of ordinary GaSb quantum wells with a
straddling band lineup. These results support a staggered band lineup and space charge induced
band-bending model. ©1996 American Institute of Physics.@S0003-6951~96!04611-4#
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Zero-dimensional~0D! quantum dot ~QD! structures
have attracted great interest in recent years due to t
d-function-like density of states, strong carrier localizatio
increased exciton binding energies, and enhanced oscill
strength. Most of the QD research1–3 has focused on materia
systems with a straddling~type I! band lineup, with spatially
direct transitions. On the other hand, a staggered~type II!
band lineup heterojunction accommodates spatially indir
transitions. This will drastically influence optical and electr
cal properties4,5 and their fundamental features need furth
studies.

In this letter, we report time-resolved photoluminescen
measurement on staggered-lineup QDs. We choose
GaSb/GaAs system because we can create highly stra
and staggered-lineup heterostructures composed of dir
gap materials.6 At the GaAs-GaSb interface, a large valen
band offset of 0.81 eV has been suggested7 which results in
strong hole wavefunction localization in the GaSb regio
This large valence band offset implies a staggered ba
lineup at the GaSb/GaAs interface accompanied by a s
tially indirect radiative recombination process7 @Fig. 1~a!#.
Recently, Hatamiet al. published photoluminescence~PL!
measurements on GaSb/GaAs quantum dots.8 Their data sup-
port a staggered-lineup band structure. However, no tim
resolved PL has been reported, which would provide m
direct information on the nature of the radiative recombin
tion and on a possible phonon bottleneck effect9 for hole
capture processes.

The GaSb QDs studied in this paper were grown
molecular beam epitaxy~MBE!. The surface morphology
was monitoredin situ during the growth by a reflection high
energy electron diffraction~RHEED! facility. In this letter
we report on two different sample structures, referred to a
and B. They were both grown on semi-insulating GaAs~100!
substrates after depositing a 300 nm GaAs buffer la
grown at a substrate temperature of 600 °C.

On sample structure A, GaSb was deposited at 530

a!Electronic mail: sun@nemesis.ece.ucsb.edu
b!Permanent address: Physikalisches Institut, Universita¨t Stuttgart, Stuttgart,
Germany.
Appl. Phys. Lett. 68 (11), 11 March 1996 0003-6951/96/68(11)/
Downloaded¬26¬Feb¬2003¬to¬128.111.29.118.¬Redistribution¬subje
eir
,
tor

ct
-
r

e
the
ned
ct-
e

n.
nd
pa-

e-
re
a-

y

A

er

°C

directly on the GaAs buffer layer. Monitoring the RHEED
reconstruction pattern, there appeared, in addition to a pure
streak pattern indicating the two-dimensional growth of the
GaAs layer underneath, a spotty pattern with a larger lattice
constant indicating that the deposition of the GaSb was tak-
ing place in a 3D growth mode. The growth was interrupted
after 1.4 monolayer deposition. In order to prepare the
samples for the photoluminescence~PL! measurements, we
overgrew the dot layer with a 350 nm GaAs cap. High over-
growth temperatures~.500 °C! resulted in immediate disap-
pearance of the spotty RHEED pattern, even when exposing
the surface to a very low As flux. This was not observed at
lower overgrowth temperatures. The growth temperature was
thus kept at 460 °C to avoid a possible replacement of the
antimony by the arsenic at the dot interfaces. During the
overgrowth, the spotty pattern in the RHEED reconstruction
vanished slowly and disappeared only after the dots were
completely capped with GaAs.

On sample structure B~depicted in the inset of Fig. 2!,
the GaSb dot layer was deposited in the center of a 15 nm
GaAs quantum well~QW! with 200 nm thick Al0.5Ga0.5As
barriers on both sides. Similar to structure A, the RHEED
indicated a formation of the GaSb dots during the GaSb

FIG. 1. Schematic drawings of the spatial dependence of the conduction and
valence bands for the staggered band lineup~a! and including a space-
charge-induced band-bending effect~b!. The dashed line in~b! shows a
stronger band-bending effect.
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deposition and their slow and well-controlled disappearan
during the low-temperature GaAs overgrowth.

Atomic force microscope~AFM! imaging of QDs was
performed on a sample identical to structure A samples,
cept that the growth was terminated after the GaSb la
deposition. The dots have a height of 10 nm and a late
diameter of 80 nm on the~100! surface, with a standard
deviation of 7 nm. The dot density is on the order of
3109cm22.

Photoluminescence~PL! measurements were performe
at T510 K using a Ti:sapphire laser as the excitation sou
which was operated at 790 nm wavelength~1.57 eV!. The
output of the Ti:sapphire oscillator was injected into a rege
erative Ti:sapphire amplifier with a 250 KHz repetition rat
Besides the strong GaAs bandgap luminescence, the l
temperature PL spectrum of structure B shows an effici
luminescence centered at 1.37 eV with 10 mW average
citation power. This luminescence is attributed to the rad
tive recombination between holes confined in the 0D Ga
QDs and electrons in the surrounding 2D GaAs QW. Th
spectrum has a full width at half-maximum~FWHM! line-
width of 46 meV, which is attributed to the dot size distribu
tion. A PL spectrum of structure A shows a similar behavi
except the dot luminescence intensity is weaker by abou
factor of 5 and is centered at 1.322 eV. Higher efficiency
the QD luminescence in structure B samples is due to
separate confinement structure formed by AlGaAs barrie
Higher emission photoenergies in structure B samples mi
be attributed to quantization of the electron population in t
GaAs well, which are involved in the radiative recombin
tion transitions. Compared with other results,8 the somewhat
higher emission energy of 1.37 eV is probably due to t
exchange between antimony and arsenic on the dot surfa
during GaAs overgrowth or smaller effective dot size aft
overgrowth.

Figure 2 shows the QD luminescence with excitatio
intensitiesI ~10 mW average excitation power!, 103I, and
I/10 on structure B. With 10 mW average excitation pow
and a spot size on the order of 300mm, the generated carrie
densities in the GaAs QW region are on the order
1011 cm22. Similar to the report of Hatamiet al.,8 we ob-
serve a 23 meV blue shift of the dot spectra with increas
excitation power. The center wavelength of the QD lumine

FIG. 2. Quantum dot photoluminescence spectra of structure B with dif
ent excitation intensities. Inset shows the schematic diagram of structur
1544 Appl. Phys. Lett., Vol. 68, No. 11, 11 March 1996
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cence is shifted from 1.355 eV withI/10 excitation intensity
to 1.378 eV with 103I excitation intensity. This shift is char-
acteristic for staggered lineup heterostructures,8,10 and is at-
tributed to the dipole layers formed by the spatial separatio
of holes in the GaSb dot and the attracted electrons confin
in nearby GaAs regions. With higher hole population in th
dot region ~higher excitation intensity!, stronger band-
bending is created, induced by the static electric field of th
dipole layers. The band-bending effect will push the quan
tized electron level toward higher energy and cause the o
served blue shift, as indicated in Fig. 1~b!.

Time-resolved PL measurements were performed usin
time-correlated photon counting~TCPC! techniques.11 The
system was driven by regenerative amplified Ti:sapphir
pulses at 790 nm wavelength with a 1 picosecond pulsewidth
and a 250 KHz repetition rate. With this excitation wave
length, no carriers are generated in the Al0.5Ga0.5As barrier
region and the measured lifetime is not limited by the slow
time constant in the Al0.5Ga0.5As region due to indirect
k-space transitions. The time resolution of the system
about 250 ps.

Figure 3 shows the time-resolved PL of structure B
samples at 10 K, performed at different excitation intensitie
103I, I, andI/10. The measured traces are normalized by th
tail part of the decay. A resolution-limited rise is followed by
a radiative decay that cannot be fitted with a single expone
tial. The resolution-limited rise time~,250 ps! indicates a
fast hole capture process in GaSb QDs. Combined with th
observed bright luminescence, this result supports the co
cept of an efficient hole capture process even at a large v
lence band offset. There is no indication of a phonon bottle
neck for hole relaxation. Temperature-dependence stu
indicated that the recombination is dominated by radiativ
processes at low temperatures. The radiative decay is co
posed of a faster initial component and a slower tail compo
nent. In order to extract time constants from the data, we
the data with the sum of two exponential functions. The fi
for the experimental data with excitation intensityI is shown
as the dashed line on top of the trace with time constan
t1 andt2 of 7.5 and 23 ns respectively. The measured life
times are much longer than the radiative lifetimes of spatiall
direct GaSb/AlSb quantum wells~600 ps!.12 These results

r-
B.
FIG. 3. Time-resolved PL at 1.348 eV on structure B samples at 10 K wit
different excitation intensities. The data are normalized with the tail expo
nential parts. The dashed line on top of the middle trace is the doubl
exponential fit.
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support the staggered lineup model~Fig. 1! and the longer
time constants are attributed to reduced spatial overlap
tween electron and hole wavefunctions.

The observed non-single-exponential decay can be e
plained with the same space charge model used for the b
shift in the intensity-dependent PL measurement@Fig. 1~b!#.
After the excitation, electron and holes are generated in t
GaAs region. The process of hole capturing into the GaS
dot will compete with carrier recombination in GaAs. Within
250 ps, most of the holes are captured and subsequent
dipole layer is formed between the holes in the GaSb do
and the electrons attracted fromthe surrounding GaAs
gions. This field-induced band-bending will confine the ele
tron wave function closer to the GaSb dots. The faster initi
time constant is attributed to the increased spatial overl
due to the band-bending-induced electron confinement.
the carrier density decreases with time, the time-depend
band-bending effect is also reduced and the electron wa
function is more spread out into the GaAs QW. This reduc
the spatial overlap between the electron and hole wave fu
tions and decreases the time-dependent recombination r
When the majority of the carriers has recombined, the ban
bending effect is negligible and the electrons will only b
confined in the GaAs QW. An exponential-like decay with
fixed time constant of 23 ns is thus observed. This long d
cay time is attributed to the slow radiative recombinatio
betweenG state holes in GaSb QDs andG state electrons in
the GaAs QW.13 This exponential decay probably indicates
type-II excitonic recombination process. Similar behavior
also observed in structure A samples, in which the tail pa
shows a longer time constant of 30 ns, whichis due to ev
weaker electron confinement in the bulk GaAs region.

From the above discussion, we expect a faster initi
decay time if the excitation intensity is increased. As we ca
see from Fig. 3,t1 is getting shorter with higher excitation
intensity ~5.5 ns for 103I and 9 ns forI/10! while t2 is
roughly constant. This agrees with our model. With highe
excitation, the stronger band-bending will confine electron
closer to the GaSb QDs and enhance the carrier recombi
tion rate. At longer time, we are looking at the recombinatio
rate of holes in GaSb QDs and electrons in the GaAs Q
the concentration of which does not depend on the initi
hole population. On the other hand, with even higher excit
tion intensity, we should be able to expect a stronger elect
static confinement where spatially directG state transition in
GaSb QDs should be eventually observed.

In conclusion, we present time-resolved radiative recom
bination measurements in a staggered line-up quantum
Appl. Phys. Lett., Vol. 68, No. 11, 11 March 1996
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structure. The meaurements are performed on GaSb quantu
dots grown by MBE on~100! GaAs through a self-assembly
process. Time-resolved photoluminescence shows a resol
tion-limited rise time which indicates a fast hole capture pro-
cess in GaSb QDs. Combined with the observed bright lumi
nescence, this study supports the concept of an efficient ho
capture process even at a large valence band offset. The d
cay following the capture is composed of a faster initial com-
ponent and a slower exponential-like tail component. The
time constant of the initial component is shortened with in-
creased excitation intensity while the time constant of the ta
component shows weak dependence on the excitation inte
sity. Intensity-dependent PL shows a blue shift of the cen
tered emission energies. These results support a staggere
lineup and band-bending models in which the observed lu
minescence originates from the radiative recombination o
0D holes GaSb dots and 2D or 3D electrons in surroundin
GaAs regions.

This work is supported by the NSF Science and Tech
nology Center for Quantized Electronic Structures~Grant
No. DMR 91-20007!.
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