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Temperature-dependent photoluminescence (PL) and the corresponding carrier dynamics of standard

and coupled type-II GaSb/GaAs quantum rings (QRs) are investigated in this article. Compared with

standard QRs, the slower PL intensity decay of coupled QRs with increasing temperature is attributed to

the depression of thermal quenching. More intense PL intensity is also observed for the coupled-QR

sample at room temperature. With further reducing the GaAs spacer layer thickness to 2 nm, near two-

times PL enhancement is observed. The results indicate that with the enhanced luminescence intensity

of coupled-QR structure, type-II nano-structures may be utilized for light-emitting device applications.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

For decades, quantum dots (QDs) with type-II band alignment
have attracted much attention for scientists around the world.
The studies on its unique optical characteristics and different
applications have been reported in literatures [1–9]. Different
from type-I QDs, electrons and holes are separately confined in
the type-II QDs. This suggests that if holes or electrons are
confined in the type-II QDs, electron or hole shells would loosely
surround the QDs due to the Columb interaction [10]. This feature
results in the long carrier life time and thus low recombination
probability of type-II nano-structures. In this case, it is generally
recognized that type-II nano-structures are not suitable for the
applications of light-emitting devices. If one would like to use the
unique characteristics of the type-II nano-structures for light-
emitting devices, the luminescence intensity has to be enhanced.
For GaAsSb-capped InAs/GaAs QD structure, it has been demon-
strated that well controlling the thickness of GaAsSb in this
structure can both obtain long carrier life time and good photo-
luminescence (PL) intensity [11]. In our recent research, we have
also demonstrated that enhanced PL intensity can be obtained
by reducing the separation layer of two individually GaSb/GaAs
quantum-ring (QR) structures to form a coupled-ring system [12].
ll rights reserved.

Sciences, Academia Sinica,

wan. Tel.: þ886 3 574 4364;

Lin).
The long carrier recombination lifetime is still maintained in this
structure. It is attributed to the lower escaping probability of
electrons away from the GaAs/GaSb interfaces. However, the
temperature-dependent behavior of the structure has not yet
been investigated. In this article, temperature-dependent PL and
the corresponding carrier dynamics of standard and coupled type-
II GaSb/GaAs QRs are investigated. Compared with the standard
QRs, the slower PL intensity decay with increasing temperature is
observed for the coupled-QR sample. With further reducing the
GaAs spacer layer thickness to 2 nm, near two-times PL enhance-
ment is observed.
2. Experiments

The samples investigated in this study were grown on (100)-
orientated semi-insulated GaAs substrates by using Riber
compact-21 solid source molecular beam epitaxy (MBE) system.
In this system, both As and Sb effusion cells adopt valved crackers
to control the amounts of As and Sb flux. Two samples with three-
period GaSb/GaAs QR embedded in GaAs barrier layers were
prepared, which are referred as samples A and B. For sample A,
it is a standard GaSb QR sample with 50 nm GaAs separation
layers between each GaSb QR layer. For sample B, it is a coupled-
QR GaSb sample with 5 nm GaAs separation layers between each
GaSb QR layer. The detailed sample structures are listed in
Table 1. To obtain the whole GaSb QR morphology, well con-
trolled Sb and background As ratios were adopted during the post
Sb soaking procedure. The growth rate of GaSb QD is 0.075ML
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per second and the Sb/background As ratio is 0.23 while the Sb
beam-equivalent flux pressure (BEP) is 1.4�10�7 Torr. The detail
growth procedure of the GaSb QRs is discussed elsewhere [11,12].
The 1�1 mm2 image observed by atomic-force microscopy (AFM)
of sample A is shown in Fig. 1. As shown in this figure, full ring
morphology is observed. The average ring height, diameter and
density are 1.4, 46.7 nm and 2.32�1010 cm�2, respectively. The
PL measurement was performed by using the Jobin Yvon’s
NanoLog3 system coupled with He–Ne laser and a Janis compact
optical system.
3. Results and discussion

The temperature-varying PL spectra of samples A and B from
10 to 300 K at a pumping intensity of 0.5 W/cm2 are shown in
Fig. 2(a). Two PL peaks are observed for both samples A and B. To
verify the transition pathways of the two peaks, power-varying PL
measurements are performed on the two samples. Fig. 2(b) shows
the 10 K PL peak energy as a function of the cubic root of power
density of excitation power for the two samples. The linear
dependence of the PL peak energy with the cubic root of laser
pumping power density is observed for both the two peaks of
samples A and B. According to this result, the PL peaks should all
be resulted from type-II transitions [13]. However, with increasing
temperature, the higher-energy PL peak drops faster as compared
with the lower-energy PL peak for both the two samples. When the
temperature rises beyond 110 K, there would be only one
Table 1
Wafer structures of samples A and B.

Sample A B

3.0 ML GaSb/GaAs QR

40 nm GaAs

3x

10 nm GaAs 3.0 ML GaSb QRs

5 nm GaAs

3.0 ML GaSb QRs 3.0 ML GaSb QRs

200 nm undoped GaAs

350 mm GaAs S–I substrate (001)

250 nm

Sample A

Fig. 1. The 1�1 mm2 image observed by atomic-force microscopy (AFM) of

sample A.
dominant peak appeared for the two samples, which is attributed
to the luminescence from the GaSb QRs. In this case, compared
with the QR luminescence, the higher-energy PL peaks of two
samples should be resulted from the recombination mechanism
of the faster increase of electron escaping probability away from
the interfaces at higher temperatures. Therefore, we would
attribute the lower-energy peak as the transition from the
electrons to the localized holes of GaSb QRs while the higher-
energy peak as the transition from the electrons to the localized
holes of GaSb wetting layers. The fitted activation energy by using
the Arrhenius equation is adopted to verify this attribution [14].
Also observed in Fig. 2(a) is the similar PL intensities of QR and
WL signals at 10 K. For the coupled QR structure, the improved
electron confinement will induce higher electron density accu-
mulated in the GaAs spacer layer. The electrons would equally
contribute to optical recombination with holes in the underneath
QRs and the above WL, which will result in similar PL intensities
of QR and WL signals of Sample B at 10 K.

The integrated PL intensities of QR and WL transitions of
samples A and B under different temperatures are shown in
Fig. 3. According to the fitting results, the activation energy of
QR peaks of samples A and B is nearly the same as �300 meV. The
activation energy of WL peaks for samples A and B is also nearly
the same as �50 meV. Therefore, it proves that the lower- and
higher-energy PL peaks are resulted from the electron-hole
recombination of the QR and WL structures, respectively. Similar
results have also been observed in previous literatures [14,15].
However, compared to the QR integrated PL intensity of sample A,
the QR PL intensity of sample B drops slowly at high tempera-
tures. Because of the similar activation energy for both the two
transitions, it suggests that the thermal escape of holes from QRs
is not the main mechanism responsible for the faster PL intensity
decay of sample A at high temperatures. For the standard QR
structure as sample A, the electrons just loosely surround the
localized holes in the GaSb QRs. Therefore, with increasing the
temperature, the electron suffers the lattice vibration and gains
the energy to overcome the Coulomb force and would easily
escape away from the GaAs/GaSb interfaces. In this case, faster PL
intensity drop is observed for sample A at higher temperatures.
On the contrary, for the coupled-QR GaSb as sample B, the
reduced separation layer between the two GaSb QR layers will
suppress the electron escaped rate at high temperatures. In this
case, the coupled-QR structure GaSb will depress the thermal
quenching effect of type-II GaSb nanostructure.

The temperature-varying full width at half maximum (FWHM)
of QR PL peak of samples A and B is shown in Fig. 4. In this figure,
the FWHM of QR PL peak of sample A keeps at �75 meV and
dramatically increases to �100 meV for the temperatures below
and above 150 K. It indicates that due to the large valence-band
offset of GaSb QRs, it is difficult for localized holes to be
redistributed to the adjacent QRs via thermal activation below
150 K. So, the FWHM of the PL peaks would keep in the same
range. For temperatures above 150 K, the interactions between
the loosely confined electrons and phonons would induce the
dramatic increase of FWHM, as observed for sample A. For sample
B, the PL FWHM continually drops from 92 to 86 meV in the
temperature range of 10–170 K. For the temperatures above
170 K, slow increase of PL FWHM is observed for the sample B.
The results suggest that the localized holes in the coupled QR
structure may hop vertically to the nearby QRs due to thermal
activation. In this case, the holes would redistribute and accumu-
late in larger QRs. The hole redistribution at low temperatures
would depress the FWHM broadening effect resulted from QR
size non-uniformity, which would lead to the decrease of PL
FWHM of QR of sample B in the temperature range of 10–170 K.
For temperatures above 170 K, as the sample A, the same
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Fig. 2. (a) Temperature-varying PL spectra of samples A and B from 10 to 300 K at a pumping intensity of 0.5 W/cm2 and (b) the 10 K PL peak energy as a function of the

cubic root of power density of excitation power for the two samples.
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Fig. 3. Integrated PL intensity of QR and WL transitions of samples A and B under different temperatures.
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electron–phonon interaction would result in the FWHM broad-
ening for sample B. However, since the tensile-strained GaAs
spacer layer between the two GaSb QR layers provides a better
confinement for electrons [12], the FWHM broadening of sample
B at high temperatures is less significant, as sample A.

Since the coupled-QR structure would exhibit more intense
luminescence intensity than the standard QRs at room tempera-
ture, it is possible that by further reducing the GaAs spacer layer
thickness, more intense PL intensity can be observed. To verify
this assumption, the other coupled-ring sample with a thinner
GaAs spacer layer (2 nm) is prepared, which is referred as sample
C. Since the ring height is 1.4 nm, the 2 nm GaAs spacer layer is
still sufficient to fully cover the GaSb QRs. The room-temperature
PL spectra of samples B and C are shown in Fig. 5. An inspection of
this figure reveals that two-times stronger PL intensity of sample
C than that of sample B is observed. Also observed are the similar
spectral shapes of the two samples. The results suggest that the
reduced GaAs spacer layer thickness will further enhance the
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luminescence intensity of coupled-QR structures. However, it
seems that no significant difference in the QR confinement states
is observed even when the spacer layer is reduced to 2 nm. Also
observed for Sample C is the similar temperature 170 K when
minimum PL peak FWHM is observed. Assuming the hole hopping
process does take place in the coupled QR structure, the minimum
PL FWHM should be observed at a lower temperature due to the
reduced barrier of Sample C. However, since more electrons are
accumulated in the GaAs spacer layer of Sample C, the holes
would have probability to recombine with the electrons and emit
light instead of redistributing to lower hole states in the other QR
layer. Therefore, the effects of reducing barrier for hole hopping
and increasing recombination probability of Sample C with 2 nm
GaAs spacer layer may cancel out with each other such that
similar temperatures are observed for Samples B and C for
minimum PL FWHMs. To confirm this attribution, further inves-
tigation is still required in the future.
4. Conclusions

In conclusion, temperature-varying PL and the corresponding
carrier dynamics of standard and coupled quantum rings (QRs) of
type-II GaSb/GaAs are investigated. Slower PL intensity decay is
observed for the coupled-QR sample. An increase of the tempera-
ture would firstly decrease and then increase the FWHM of QR PL
peak. A model is established to explain these phenomena. With a
thinner GaAs spacer layer of 2 nm thickness, near two-times PL
enhancement is observed. The results exhibit that while main-
taining the long carrier lifetime of GaSb QRs, enhanced lumines-
cence intensity can still be obtained for type-II heterostructures
by providing better electron confinement. The demonstration of
intense luminescence of the type-II coupled-QR structure is
advantageous for their application in optical devices with the
unique characteristics.
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