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A GaSb/GaAs quantum-dot light-emitting diode (QD LED) with a single GaSb QD layer is
investigated in this paper. The room-temperature photoluminescence peak blueshift with increasing
excitation power densities suggests a type-II alignment of the GaSb/GaAs heterostructures.
Significant electroluminescence (EL) is observed for the device under forward biases, which
suggests that pronounced dipole transitions occur at the GaSb/GaAs interfaces. With increasing
forward biases, the observed EL peak blueshift confirms that the origin of luminescence is from the
type-II GaSb/GaAs QD structures. A model is established to explain the operation mechanisms of

the type-II QD LED. © 2010 American Institute of Physics. [doi:10.1063/1.3371803]

Two possible transition mechanisms are adopted for op-
toelectronic devices based on the InAs/GaAs quantum-dot
(QD) structures, which are (a) interband and (b) intraband
transitions in the QD structures. The representative device
for the interband transition is the near infrared QD laser di-
ode (LD), while QD infrared photodetectors (QDIPs) is for
the intraband transition.'™ Although great performances
have already been observed for the two devices, difficulties
like longer emitting wavelengths up to 1.55 um and
3-5 um detections are still remained for QD LDs and
QDIPs, respectively. For the long-wavelength QD LDs, at-
tempts like InGaAs capping layers grown after InAs QDs
and Sb-incorporation in the capping layers are already
demonstrated.”® Although enhanced emitting wavelengths
are obtained for these structures, reliable device perfor-
mances are still unavailable. The main reason responsible for
the emitting wavelength limitation of QD LDs is the limited
choice of barriers like GaAs and InGaAs layers. In previous
reports, despite its type-II alignment, photoluminescence
(PL) has already been observed for GaSb/GaAs QDs.7‘8 The
main advantage of the GaSb QD structure is the wide barrier
choice from GaAs to GaAsSb and even InGaP. The choice of
different barriers may provide different emitting wavelengths
for the devices based on this QD structure.

In this paper, a single GaSb QD layer with optimized
growth conditions is inserted in a GaAs n-i-p diode structure.
The room-temperature PL peak blueshift with increasing ex-
citation power densities suggests a type-II alignment of the
GaSb/GaAs heterostructure. The linear dependence of the PL
peak energies over the third root of laser power densities is
also observed, which confirms that the luminescence is from
the type-II GaSb/GaAs QDs.’ Significant electrolumines-
cence (EL) is observed for the device under forward biases,
which suggests that pronounced dipole transitions occur at
the GaSb/GaAs interfaces. With increasing forward biases,
the observed EL peak blueshift confirms that the origin of
luminescence is from the type-II GaSb/GaAs QD structures.
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The results have demonstrated that by optimizing the growth
conditions, the influence of group-V interfaces is greatly de-
pressed. The accumulation of holes and electrons at the
GaSb/GaAs interfaces has enhanced the dipole transition
probability such that significant EL could be observed for the
type-II GaSb QD light-emitting diode (LED).

The GaSb QD LED sample discussed in this paper is
prepared by Riber Compact 21 solid-source molecular beam
epitaxy system. With (100)-oriented semi-insulating GaAs
substrate, a single 3.0 monolayer (ML) GaSb QD layer are
embedded in the GaAs n-i-p structure. The growth procedure
for the sample is (a) a 300 nm GaAs bottom contact layer
p-type doped to 2 X 10'® ¢cm™ grown at 580 °C, (b) a 200
nm undoped GaAs layer grown at 580 °C, (c) a 3.0 ML
GaSb QD layer grown at 490 °C with V/III ratio ~1.3, (d) a
200 nm undoped GaAs layer grown at 580 °C and (e) a 300
nm GaAs top contact layer n-type dopped to 2 X 10'® cm™
grown at 580 °C. Since severe As/Sb exchange at the GaSb/
GaAs interfaces has been reported elsewhere, pre- and
post-Sb soaking procedures with 15 and 120 s durations dur-
ing GaSb QD growth are adopted to protect the GaSb QD
structure.'’ Standard photolithography and wet chemical
etching are adopted to fabricate the devices with 450
X 630 um? mesas. For light extraction, grid top contact is
adopted. The positive and negative biases of the measure-
ments are defined according to the voltages applied to the
bottom contact of the device. The Keithley 6487 system is
used to measure current-voltage (I-V) characteristics and acts
as the voltage source. The PL and EL spectrums are mea-
sured by using Jobin Yvon’s NanoLog3 system coupled with
a He—Ne laser as the pumping source.

The room-temperature PL spectrums of the sample mea-
sured under different pumping power densities 0.38, 0.59,
and 0.95 W/cm? are shown in Fig. 1(a). As shown in the
figure, with increasing pumping power densities, the PL peak
would shift from 1.085 to 1.102 eV. The PL peak blueshift
with increasing pumping power is frequently observed for
type-1I heterostructures. ' Due to the spatial separation of
electron/hole confinements of the type-II GaSb/GaAs QDs,

®© 2010 American Institute of Physics
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FIG. 1. (a) The room-temperature PL spectrums of the sample measured
under different pumping power densities 0.38, 0.59, and 0.95 W/cm?.
The peak at ~0.98 eV (1.265 wm) is resulted from the excitation laser
(632.8 nm). (b) The PL peak energies obtained under different excitation
powers and the fitting curve of the peaks with the third root of the excitation
densities.

the accumulation of electron/hole at the GaAs/GaSb inter-
faces with increasing pumping power density would steepen
the band bending near the interface. In this case, upraised
confinement states in the GaAs triangular wells would
result in a PL peak blueshift as shown in the figure. The
other supporting evidence of the type-II luminescence is the
linear dependence of the PL peak energies over the third root
of the excitation density.9 The PL peak energies measured
under different power densities at room temperature are
shown in Fig. 1(b). As shown in the figure, the fitting curve
(PL peak energy)=1.04648+0.05673 X (power density)'3
shows good agreement with the experimental results. The
increase in PL peak energies with increasing excitation den-
sities and their linear dependence over the third root of the
excitation density have confirmed that the PL signals are
from the type-II GaSb/GaAs QDs.

The I-V characteristics of the device at room tempera-
ture are shown in Fig. 2(a). The inset in the figure shows the
top view of the device. As shown in the figure, the leakage
currents of the device under reverse biases are below
1077 A, which suggests a good P-N junction. The turn-on
voltage of the device is at 0.8 V. The room-temperature EL
spectrums of the device under 1.0, 1.5, and 2.0 V are shown
in Fig. 2(b). For applied voltages lower than 0.8 V, no lumi-
nescence is observed for the device. Considering the turn-on
voltage of the device is at 0.8 V, the results suggest that as
long as the device turns on, optical recombination would
take place immediately. The EL peaks measured under dif-
ferent current densities with forward biases 0.8 to 2.5 V are
shown in the inset of Fig. 2(b). Since a voltage source is
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FIG. 2. (Color online) (a) The I-V characteristics and (b) the room-
temperature EL spectrums of the device. The applied voltages for the EL
spectrums are 1.0, 1.5, and 2.0 V, respectively. The insert figure in (b) shows
the EL peak energies of the device under different injection current
densities.

adopted for EL measurements, the current densities are ex-
tracted from the I-V curve of the device shown in Fig. 2(a).
As shown in the figure, EL peak blueshift from 1.067 to
1.086 eV is observed with increasing injection current den-
sity. The results are consistent with the observation of PL
peak blueshift with increasing excitation laser powers, which
suggests that the type-II GaSb/GaAs QD structure should be
responsible for the EL spectrum.

To further investigate if the EL and PL signals are from
the same mechanism, it is helpful to see if the fitting equa-
tion of PL peak energies could be applied to EL peak ener-
gies. Compared with PL measurements, to obtain similar
peak energy 1.08 eV of the device operated at 2.0 V
(0.71 A/cm?), the excitation laser power density of the PL
measurement has to be decreased down to 0.18 W/cm?. The
power density 0.18 W/cm? would correspond to 5.74
% 10'7 photons/s cm?. When the device is at 2.0 V, the cur-
rent density is 0.71 A/cm?, which corresponds to 4.34
X 10'® electrons/s cm®. Assuming that the quantum effi-
ciency is 1.0 for PL, the results suggest that only about 13%
of the injected electrons would accumulate at the GaSb/
GaAs interface and undergo optical recombination. In this
case, if the fitting curve equation for PL peak energies is to
be applied to EL peak energies, the equation should be
modified to as (EL peak energy)=1.04648+0.05673 (0.13
X power density)!’3. To obtain a better fitting over the ex-
perimental data, the y-axis intersect is changed to 1.05648
eV. The fitting curve and the experimental EL peak energies
are shown in Fig. 3. As shown in the figure, good agreement
hetween the fitting curve (EL peak energy)=1.05648
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FIG. 3. The EL peak energies of the device under different injection current
densities and the fitting curve following the same function with minor modi-
fications for PL peaks.

+0.05673 (0.13 X power density)!’? and the EL peak ener-
gies is observed. The phenomenon suggests that compared
with PL measurements, a 10 meV higher peak energy is ob-
tained for EL measurements under the same excitation con-
dition. Possible mechanism responsible for this phenomenon
may be the steepened triangular well in the GaAs region
induced by the forward applied voltages.

To explain the EL mechanisms of the type-II GaSb/GaAs
QD structures, schematic band diagrams of the device with
forward applied voltages larger than the turn-on voltage 0.8
V is shown in Fig. 4. As shown in the figure, when the device
turns on, the electrically injected holes in the GaSb QDs
would induce a triangular well in the GaAs region. There-
fore, the injected electrons would tend to accumulate at the
GaAs/GaSb interface. In this case, although separate con-
finements for electrons and holes are obtained for the type-II
heterostructure, the overlap of wave functions is not negli-

GaAs Barriers

<0

GaAs Barriers

GaSb QDs

=B

Forward
Applied
Voltage

FIG. 4. Schematic band diagram of the device with forward applied voltages
larger than the turn-on voltage 0.8 V.
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gible such that dipole transition probability would greatly
increase. The results would be an observable EL signal when
the device turns on. As shown in the figure, the low effi-
ciency of injected carriers for optical recombination could be
improved by inserting high-bandgap carrier confinement lay-
ers such as AlGaAs before and after the GaSb/GaAs QD
structure.

In conclusion, a GaSb/GaAsQD LED with a single GaSb
QD layer is investigated. Significant EL is observed for the
device under forward biases, which suggests that pronounced
dipole transitions occur at the GaSb/GaAs interfaces. With
increasing forward biases, the observed EL peak blue shift
confirms that the origin of luminescence is from the type-II
GaSb/GaAs QD structures. The linear dependence of PL and
EL peaks over the third root of the excitation densities has
confirmed that the type-II GaSb/GaAs QDs should be re-
sponsible for the luminescence. The wide barrier choices
from GaAs, GaAsSb to InGaP of this material system have
provided an alternate approach for infrared light-emitting
devices.
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