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Aiming to achieve InAs quantum dots (QDs) with a long carrier lifetime, the effects of Sb component in cap layers
on the band alignment of the InAs/GaAsSb QDs have been studied. InAs QDs with high density and uniformity have
been grown by molecular beam epitaxy. With increasing Sb composition, the InAs/GaAsSb QDs exhibit a significant red-
shift and broadening photoluminescence (PL). With a high Sb component of 22%, the longest wavelength emission of the
InAs/GaAs0.78Sb0.22 QDs occurs at 1.5 µm at room temperature. The power-dependence PL measurements indicate that
with a low Sb component of 14%, the InAs/GaAs0.86Sb0.14 QDs have a type-I and a type-II carrier recombination processes,
respectively. With a high Sb component of 22%, the InAs/GaAs0.78Sb0.22 QDs have a pure type-II band alignment, with
three type-II carrier recombination processes. Extracted from time-resolved PL decay traces, the carrier lifetime of the
InAs/GaAs0.78Sb0.22 QDs reaches 16.86 ns, which is much longer than that of the InAs/GaAs0.86Sb0.14 QDs (2.07 ns).
These results obtained here are meaningful to realize high conversion efficiency intermediate-band QD solar cells and other
opto-electronic device.

Keywords: quantum dots, type-II band alignment, intermediate-band solar cell, molecular beam epitaxy
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1. Introduction
As zero-dimension active gain materials, quantum dots

(QDs) have been widely used in opto-electronic devices, such
as communication lasers,[1,2] silicon photonics transmitters,[3]

infrared detectors,[4,5] Q-bit emitters,[6] and intermediate-
band solar cells (IBSC).[7,8] To enhance the performance of
IBSCs and infrared detectors, QDs with long carrier life-
time are highly desirable.[9] During last decade, InAs/GaAsSb
QDs have attracted much interest because of its variable band
alignment. A rapid decrease in the valence-band energy of
GaAsSb cap layer with increasing Sb composition result in a
type-II band alignment.[10] The spatial separation of electron–
hole pairs in InAs/GaAsSb QDs with a type-II band align-
ment is expected to lead to reduced carrier recombination
and increased carrier lifetime. Recently, some groups have
reported IBSCs based on InAs/GaAsSb QDs with a type-II
band alignment.[11,12] Contrary to theoretical expectations, all
these devices show dropped open-circuit voltages and effi-
ciencies compared with reference IBSCs based on InAs/GaAs
QDs with a type-I band alignment. One of the reasons is
the low carrier lifetime of the fabricated InAs/GaAsSb QDs.
As reported so far, the carrier lifetime of InAs/GaAsSb QDs
with a type-II band alignment are generally a few nano-
seconds.[13,14] The high density of strain-induced dislocations

inside the InAs/GaAsSb QDs caused a minority carrier recom-
bination, leading the open-circuit voltage degradation. An-
other reason is that the band alignment of InAs/GaAsSb QDs
needs to be further revealed. Most studies consider that there is
only one carrier recombination process in InAs/GaAsSb QDs,
which lead to a much simplified band structure.[15]

In this work, InAs/GaAsSb QDs with different Sb com-
ponents in the cap layers have been grown using molecular
beam epitaxy (MBE). The effect of Sb component on the
band alignment and related carrier recombination processes
of InAs/GaAsSb QDs have been studied. Photoluminescence
(PL) and power-dependent PL measurements have been used
to characterize the properties of the InAs/GaAsSb QDs. The
results reveal that the band alignment of InAs/GaAsSb QDs
is strongly effected by Sb component. When the Sb compo-
nent is 14%, InAs/GaAs0.86Sb0.14 QDs show a complex band
structure, with a type-I and a type-II carrier recombination pro-
cesses respectively. It indicates that the QDs is in the critical
state of transformation between type-I and type-II. As the Sb
component is increased to 22%, InAs/GaAs0.78Sb0.22 QDs ex-
hibit three carrier recombination processes, and all of them
are from the type-II band alignments. To obtain further in-
sight into the dynamic mechanism, the time-resolved PL mea-
surements have also been tested. The results show that the
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carrier lifetime of InAs/GaAs0.78Sb0.22 QDs reaches 16.86 ns,
which is about 8-times longer than that of InAs/GaAs0.86Sb0.14

QDs (2.07 ns). The remarkably increased carrier lifetime of-
fers a substantial potential for the enhancement of novel opto-
electronic applications.

2. Experiment

Samples used in the study were grown using a Riber
Compact-21 MBE system. As schematically illustrated in
Fig. 1(a), all of samples were grown on n+-GaAs (100) sub-
strates. After the substrate deoxidation, a 500-nm GaAs buffer
layer was first deposited at 580 ◦C. Then the temperature was
cooled down to 470 ◦C, and an inner layer of InAs QDs was
grown with a coverage of 3.0 monolayers. After a 30-second

pause, the inner InAs QDs were covered by a 5-nm low-
temperature cap layer which was grown at 470 ◦C. The com-
ponents of low-temperature cap layers were In0.18Ga0.82As
for sample A that was a reference, GaAs0.86Sb0.14 for sam-
ple B, and GaAs0.78Sb0.22 for sample C, respectively. Then
the temperature was increased to 600 ◦C, and a 95-nm high-
temperature GaAs cap layer was subsequently grown. Finally,
the temperature was cooled down to 470 ◦C, and surface InAs
QDs which were used for atomic force microscopy (AFM)
test were grown under the same growth conditions as the in-
ner InAs QDs. Figure 1(b) shows a typical AFM image of
the surface InAs QDs. The density of QDs is approximately
6×1010 cm−2. It is found that the InAs QDs have a good uni-
formity, their average height and diameter are 3 nm and 35 nm,
respectively.

n+ GaAs (100) substrate 

GaAs buffer layer

high temperature GaAs cap layer

low temperature cap layer

sample A: In0.18Ga0.82As

sample B: GaAs0.86Sb0.14 

sample C: GaAs0.78Sb0.22

(a) (b) 1.0

1.0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2
0

0

nm

3
2
1

0
-1

-2
-3

mm

m
m

Fig. 1. (a) Schematic structure of samples with different low-temperature cap layers, (b) AFM image of the surface InAs QDs.

3. Results and discussion

Figure 2 shows the PL spectra of samples measured at
a low temperature of 12 K and room temperature (RT). At
12 K, sample A exhibits a sharp emission peak at 1215 nm.

1100 1200 1300 1400 1500

0

0.2

0.4

0.6

0.8

1.0 (a) 12 K

P
L
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

Wavelength (nm)

sample A
sample B
sample C

1100 1200 1300 1400 1500

0

0.2

0.4

0.6

0.8

1.0 (b) RT

P
L
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

Wavelength (nm)

sample A
sample B
sample C

Fig. 2. PL spectra of samples measured at (a) 12 K and (b) RT.

The full-width at half-maximum (FWHM) of the peak is only
29.5 meV, which implies a quite good uniformity of the InAs
QDs. The emission peak of sample B locates at 1188 nm
and has an FWHM of about 48 meV. The increased spectral
linewidth for sample B could be related to the segregation of
Sb atoms in the GaAsSb cap layer. Sample C shows in turn
a significant red-shift emission peak at 1280 nm. At RT, the
FWHM of emission peak of sample A is still a small value,
but the emission peaks of sample B and sample C obviously
broaden. Because of the electron thermal excitation, more en-
ergy levels in QDs can be filled in at RT, which could cause
a wider Gaussian-peak. Furthermore, sample C shows a fairly
wide emission peak, with the longest wavelength emission oc-
curring at 1500 nm.

To further investigate the band structures of samples,
power-dependent PL measurements were performed at 12 K.
The excitation powers were varied from 5 mW to 500 mW.
The power-dependent PL spectra of samples as well as their
peak energies as a function of excitation powers are shown in
Fig. 3. With increasing excitation power, the peak intensity of
the peak 1 for sample A rapidly saturates and the peak intensity
of the peak 2 correspondingly significantly increases, as shown
in Fig. 3(a). Meanwhile, the peak energies of the two peaks for
sample A remain unchanged as the excitation power increases.
It indicates that the band alignment of InAs/In0.18Ga0.82As
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quantum dots for sample A is typically type-I. It is found from
Fig. 3(b), as the excitation power increases, the peak energy
of the peak 1 for sample B is nearly unchanged. However, the
peak energy of the peak 2 exhibits a linear increase with the ex-
citation power, which indicates that the carrier recombination

processes related to the peak 2 is type-II. Moreover, for sam-
ple C, all of the peaks show a significant and linear blue-shift
with the excitation power, as shown in Fig. 3(c), which im-
plies a pure type-II band alignment of the InAs/GaAs0.78Sb0.22

QDs.[16,17]
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Fig. 3. The peak energies as a function of the excitation powers for samples measured at 12 K. The insets show the power-dependent PL spectra
of samples with increased excitation power from 5 mW to 500 mW.

To further confirm the band alignment of samples, time-
resolved PL decay traces were measured at 10 K. The test
system were performed using a 532-nm semiconductor laser
as the excitation source. The signal was collected using a
diffraction-limited confocal microscope objective and mea-
sured by a time correlated single photon counting (TCSPC)
device. Using an exponential function

I(t) = Aexp
(
− t

τ

)
+ I0, (1)

the time constant (τ) of the QDs related to each peak for
samples was extracted. Figure 4 shows the time-resolved
PL decay traces of the emission peaks for samples and their
schematic illustrations of the corresponding carrier recombi-
nation processes. For the InAs/In0.18Ga0.82As QDs of sample
A, τ related to the peak 1 and peak 2 is 1.02 ns and 0.48 ns,
which indicate that the peak 1 and peak 2 resulted from the
(E0 → H0) and (E1 → H1) transitions, respectively. For the
InAs/GaAs0.86Sb0.14 QDs of sample B, τ related to peak 1

and peak 2 is 1.04 ns and 2.07 ns. Due to strong intermix-
ing between As atoms and Sb atoms, an As–Sb alloy layer will
form between InAs QDs and GaAsSb cap layers. When the Sb
component is low, the As-Sb alloy layer will localize the holes
into the InAs and GaAsSb valence band respectively.[18] Com-
bined with the power-dependent PL measurement, peak 1 and
peak 2 were the emission peaks of (E0→ H0) and (E0→ H ′0)
transitions. For InAs/GaAs0.78Sb0.22 QDs of sample C, τ re-
lated to three peaks is 5.50 ns, 2.87 ns, and 16.86 ns, respec-
tively. When the Sb component is high, all holes are localized
in GaAsSb valence band.[19] Also combined with the power-
dependent PL measurement, the peak 1 and peak 2 originate
from the (E0 → H0) and (E1 → H1) transitions, the peak 3
is resulted from (EGaAs → H0) transition. Clearly, the spatial
separation of the electrons and holes for InAs/GaAsSb QDs
with type-II band alignment results in a much longer lifetime.
Based on the QDs with long carrier lifetime, a high conver-
sion efficiency of intermediate-band QD solar cells can be ex-
pected.
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Fig. 4. (a)–(c) Time-resolved PL spectra of simples and the time constant of each peak. (d)–(f) The band structure scheme of simples and the
carrier recombination processes related to each peaks.

4. Conclusions
The band structures of InAs/GaAsSb QDs with dif-

ferent Sb component have been comparatively studied by
PL, power-dependent PL, and time-resolved PL measure-
ments. InAs/GaAs0.86Sb0.14 QDs have a complex band
alignment, with type-I and type-II carrier recombination
processes. InAs/GaAs0.78Sb0.22 QDs have a pure type-II
band alignment with three type-II carrier recombination pro-
cesses. Because the spatial separation of the electrons and
holes, InAs/GaAsSb QDs with type-II band alignment have
a much longer carrier lifetime. It is found that the car-
rier lifetime of InAs/GaAs0.78Sb0.22 QDs reaches 16.86 ns,
which is about 8-times and 16-times longer than ones of
InAs/GaAs0.86Sb0.14 QDs and InAs/In0.18Ga0.82As QDs, re-
spectively. The results obtained here show helpful for under-
standing of the band alignment and carrier recombination pro-
cesses of InAs/GaAsSb QDs with different Sb components,
and the potential to develop high conversion-efficiency IBSCs.
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