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Enhancement of the room temperature luminescence of InAs quantum dots

by GaSb capping
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The authors have studied the use of antimony for the optimization of the InAs/GaAs(001)
self-assembled quantum dot (QD) luminescence characteristics in the 1.3 um spectral region.
The best results have been obtained by capping InAs QDs with 2 ML of GaSb grown on top
of a 3 ML GaAs barrier separating the InAs and the GaSb layers. This results in an order of
magnitude enhancement of the room temperature luminescence intensity at 1.3 wm emission
wavelength. © 2007 American Institute of Physics. [DOL: 10.1063/1.2753716]

During the last decade, great progress has been achieved
on the fabrication of optoelectronic devices based on self-
assembled semiconductor nanostructures.' Much of the work
up to date has been based on InAs quantum dots (QDs) on
GaAs substrates, but many other types of nanostructures
have been extensively studied, such as InAs/GaAs quantum
rings and InAs/InP quantum wires.”® More recently, nano-
structures combining the electronic properties of more than
two semiconductor compounds are being studied. Of particu-
lar interest is the GaSb/InAs/GaAs combination due to the
type II band alignment expected between arsenides and
antimonides.*™® Much of the recent research has been fo-
cused on reaching the long wavelengths of interest in optical
fiber telecommunications (1300 and 1550 nm) on GaAs sub-
strates as an alternative to the more expensive technology
based on InP substrates.*>"*® In this letter, rather than extend-
ing the emission wavelength, we focus instead on maximiz-
ing the room temperature emission intensity of InAs QDs by
adding antimony after QD nucleation.

Samples were grown by molecular beam epitaxy (MBE)
on GaAs (001) substrates. All samples are combinations of
four growth steps. Step 1 is InAs QD growth. QDs were
observed by reflection high energy electron diffraction
(RHEED) after deposition of 1.65 ML of InAs at 510 °C
substrate temperature and at a 0.02 ML/s growth rate. The
total InAs deposited was 2.6 ML. Step 2 is a 10 s Sb expo-
sure at a beam equivalent pressure of 1.5 10~7 mbar. In our
system this is roughly equivalent to 3 ML of Sb in
GaSb(001). Step 3 consists of the deposition of 3 ML of
GaAs. Step 4 consists of the deposition of 2 ML of GaSb.
The capping temperature 7. during steps 2, 3, and 4 ranged
from 510 to 470 °C. Samples for optical characterization
were then capped with an 80 nm thick GaAs layer. The tem-
perature was held at 7, until the first 10 nm of GaAs had
been deposited, at which point the temperature was ramped
up to 580 °C. The As and Sb beam equivalent pressures
were 1.7X107% and 1.5X 1077 mbar, respectively. In our
MBE system, these values are, respectively, equivalent to
1.8 10" and 1.6 10'* atoms/s cm?.

Figure 1 shows, for various growth sequences, the evo-
lution of the integrated intensity of the (002) transmission
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diffraction spot due to the presence of QDs on the surface. A
10 s exposure to Sb considerably delays the decay of the QD
diffraction signal during GaAs capping [Fig. 1(b)]. Capping
with GaSb [Fig. 1(c)] first induces a decay of the QD signal,
and after deposition of 1.5 ML induces a sharp increase of
the QD transmission diffraction spot. This coverage is con-
siderably smaller than the reported GaSb QD critical thick-
ness on bare GaAs(001) surfaces.’”

The room temperature photoluminescence (PL) spectra
corresponding to QDs with and without the GaSb layer are
shown in Fig. 2. InAs QDs without any Sb content but pre-
pared and characterized in the same conditions as the QDs
with Sb capping are also shown for comparison. Postgrowth
exposure of the InAs QD to antimony drastically increases
the photoluminescence intensity and induces a 10 nm red-
shift (InAs+Sb curve in Fig. 2). The most plausible cause of
such an increase in the room temperature emission intensity
with Sb content is the increased valence band discontinuity
due to Sb incorporation leading to an increased hole local-
ization energy. Deposition of a 2 ML GaSb layer, with or
without a 3 ML GaAs barrier, leads to a shift of the emission
wavelength to 1300 nm (InAs+Sb+GaAs+GaSb curve in
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FIG. 1. Integrated RHEED intensity of the (002) transmission diffraction
spot due to the presence of QDs on the surface for different growth se-
quences. (a) InAs QDs capped with GaAs. (b) InAs QDs exposed to Sb for
10 s and then capped with GaAs. (c) InAs QDs exposed to Sb for 10 s and
then capped with 3 ML of GaAs and 2 ML of GaSb. The labels for steps 1,
2, 3, and 4 mark the end of each of the following layers: InAs, Sb exposure,
3 ML GaAs cap, and 2 ML GaSb cap. After the last step, all samples are
capped with 80 nm GaAs at 480 °C.
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FIG. 2. Room temperature photoluminescence corresponding to (a) InAs
QDs, (b) InAs QDs exposed to Sb, (¢) InAs QDs capped with a 2 ML GaSb
layer. (d) InAs QDs exposed to Sb, capped with a 3 ML GaAs barrier and
then a 2 ML GaSb layer. The excitation power is 15 mW at 808 nm.

Fig. 2). The sample with the GaSb layer deposited immedi-
ately on top of the InAs QDs (steps 1+4) has an emission
intensity that is 50 times weaker than the sample that in-
cludes the GaAs spacer (steps 1+2+3+4). This cannot be
attributed to thermal escape, as in the case of InAs QDs,
because the low temperature luminescence is also weak. The
InAs QDs are close to the critical thickness for dislocation
formation, and the extra stress induced by GaSb incorpora-
tion without the GaAs spacer layer might be leading to an
increased density of defects and consequently lower intensity
of the luminescence.

The higher emission intensity at all temperatures in the
sample including a 3 ML GaAs spacer might be due to a
smaller density of defects, or to a larger oscillator strength.
Such thin GaAs capping lagers are known to lead to a trun-
cation of InAs QD height,1 and are often used as a method
to tune the emission wavelength of QDs.11

A low energy tail ranging from 1350 to 1600 nm is ob-
served only in those samples including a GaSb layer. We
suspect such low energy tail to be due to type II spatially
indirect recombinations of electrons in the InAs layer with
holes confined in the GaSb layer. Such transitions are ex-
pected to be weaker than the type I spatially direct transitions
due to the smaller overlap of the electron and hole wave
functions. The nature of such low energy transitions is fur-
ther elucidated by the power dependence of the low tempera-
ture PL spectra shown in Fig. 3. The low temperature PL
spectra at 5 mW excitation power has a tail at energies below
950 meV that saturates as the power is increased to 45 mW.
The long radiative lifetime of the states corresponding to
type II indirect low energy emission might lead to these
states quickly becoming filled as the excitation power in-
creases, saturating the PL emission at energies below
950 meV. The separation between the ground state and the
first excited state emission is 56 meV for InAs QDs and
63 meV for the InAs+Sb+GaAs+GaSb QDs. Typically, a
larger excited state energy separation relative to the ground
state emission is indicative of either a smaller QD volume, or
a larger heterostructure band discontinuity, the later being a
more likely possibility in our case. The energy difference
between the second and third excited states is 61 meV for the
Sb ca;l)ped QDs. The wetting layer peak (not shown) appears
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FIG. 3. Normalized low temperature PL spectra at different excitation pow-
ers for InAs+Sb+GaAs+GaSb QDs.

at an unusually long wavelength (1.22 eV at room tempera-
ture, 1.29 eV at 20 K) possibly due to coupling or intermix-
ing of the InAs and GaSb wetting layers.

The increased room temperature luminescence intensity
in the Sb containing samples is due to a less pronounced
decay of the luminescence as the temperature is increased.
This is illustrated in Fig. 4, showing the temperature depen-
dence of the integrated luminescence intensity for InAs QDs
and InAs+Sb+GaAs+GaSb QDs. The luminescence of the
Sb containing QDs reaches a maximum at 170 K. This is a
signature of carriers being trapped at low temperatures in
states with long radiative lifetimes due to small electron-hole
overlap, and then, as the temperature is raised, carriers are
thermally excited to states with a larger electron-hole over-
lap. In our case this might be due to holes being trapped in
the GaSb layer, were the valence band discontinuity is the
largest. Electron-hole overlap in the GaSb layer is small as
the electrons are repelled by the upward discontinuity in the
conduction band. Most of the radiative recombination is ex-
pected to occur in the InAs layer, where there is a confine-
ment potential for both electrons and holes. As the tempera-
ture rises, there is an increased likelihood of holes being
thermally excited from the GaSb layer across the GaAs bar-
rier to the InAs QDs. The fitting of the temperature depen-
dencies in Fig. 4 to an Arrhenius-type equation in the high
temperature range yields thermal escape barriers of 270 and
218 meV for the samples with and without Sb, respectively.
The 52 meV difference between these two thermal escape
barriers nearly matches the measured 45 meV redshift be-
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FIG. 4. Photoluminescence intensity as a function of temperature for InAs
and InAs+Sb+GaAs+GaSb. The excitation power is 15 mW at 808 nm.
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FIG. 5. Room temperature photoluminescence as a function of the
GaSb/GaAs capping temperature 7.

tween these two samples. The increase of the thermal escape
barrier with Sb incorporation suggests that the luminescence
is limited by hole thermal escape, as Sb incorporation is
expected to induce an upward shift in both the conduction
and valence bands."?

It was found possible to further redshift the emission by
increasing either the In or Sb content, but this led to a drastic
decrease in emission intensity. This decrease of the emission
intensity can be avoided by using thicker GaAs spacer lay-
ers, but then emission wavelengths shorter than 1300 nm are
obtained. A crucial parameter was found to be the growth
temperature 7, used after the initial InAs QD layer. This was
found to be optimal at 480 °C, as shown in Fig. 5. Substrate
temperatures during capping above 500 °C are known to
lead to strong intermixing phenomena and a blueshift of the
emission.”> Low substrate temperatures better preserve the
QDs during capping, but the growth of GaAs at low tempera-
tures also implies an increased density of point defects. At-
tempts to incorporate Sb during the InAs QD nucleation step
resulted in a large dispersion of the QD size distribution, in
agreement with the results by Kudo et al™

Summarizing, it is shown that the optimized incorpora-
tion of Sb during capping of InAs QDs can lead to an order

Appl. Phys. Lett. 91, 012111 (2007)

of magnitude improvement of the room temperature lumines-
cence intensity in the 1.3 um spectral range. This might en-
able a drastic improvement of GaAs based optoelectronic
devices for optical fiber telecommunications.
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