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Zhu Yan(朱岩)�, Li Mifeng(李密锋), He Jifang(贺继方), Yu Ying(喻颖), Ni Haiqiao(倪海桥),
Xu Yingqiang(徐应强), Wang Juan(王娟), He Zhenhong(贺振宏), and Niu Zhichuan(牛智川)

State Key Laboratory for Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences,
Beijing 100083, China

Abstract: Molecular beam epitaxy growth of a bilayer stacked InAs/GaAs quantum dot structure on a pure GaAs
matrix has been systemically investigated. The influence of growth temperature and the InAs deposition of both
layers on the optical properties and morphologies of the bilayer quantum dot (BQD) structures is discussed. By
optimizing the growth parameters, InAs BQD emission at 1.436 �m at room temperature with a narrower FWHM
of 27 meV was demonstrated. The density of QDs in the second layer is around 9 � 109 to 1.4 � 1010 cm�2.
The BQD structure provides a useful way to extend the emission wavelength of GaAs-based material for quantum
functional devices.
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1. Introduction

Over the last few years, 1.31 �m to 1.55 �m GaAs based
InAs quantum dot (QD) lasers have attracted much attention as
they have shown excellent performance indicators, such as sta-
ble temperature characteristicsŒ1�, low threshold current densi-
tiesŒ2� and being compatible with the AlGaAs/GaAs distributed
Bragg reflectorŒ3�. 1.3 �m InAs/GaAs QD lasers, including
high performance vertical cavity surface-emitting lasers, have
already been demonstratedŒ4�6�. Nowadays, research on the
subject has been focused on the 1.5 �m rangeŒ7�. Both dilute-
nitride quantum well (QW) lasers using GaInNAs(Sb) materi-
als and lasers based on the concept of growth of a metamorphic
InGaAs buffer on GaAs substrate can be realized in this wave-
length rangeŒ8; 9�. However, several problems still need to be
overcome for both, such as a large threshold current density
and the complicated device growth.

Recently, a new InAs bilayer QD (BQD) structure enables
us to grow InAs/GaAs QDs with only GaAs in the barrier,
emitting up to 1.5 �m at room temperatureŒ10�. This struc-
ture consists of two closely spaced QD layers separated by a
thin GaAs spacer layer. If the thickness of the spacer layer is
6 20 nmŒ11; 12�, the strain field generated by the first (seed)
layer will extend through the spacer layerŒ11; 13�, which pro-
vides nucleation cites for the second layer and the QD density
of the second layer is fixed. A large red-shift of QD emission
can be achieved by growing the second layer at a low substrate
temperature due to a combination of increased aspect ratio, re-
duced In/Ga intermixing and strain relaxationŒ3; 10�. In this pa-
per, we investigate the influence of growth temperature and
InAs deposition of both the two layers on the optical proper-
ties and morphologies on the BQD structures.

2. Experimental details

All samples used in this study were grown on nC

GaAs (100) substrate by a solid source Veeco Mod Gen II
molecular beam epitaxy (MBE) system equipped with reflec-
tion high-energy electron diffraction (RHEED) for in situmon-
itoring of the growth process, in particular, measuring the crit-
ical thickness for QD formation (�crit/. After removing the
oxide, a 300 nmGaAs buffer was grown at 600 ıC. BQDs were
formed by deposing two InAs QD layers separated by a 10 nm
GaAs spacer layer. The InAs deposition rate for both layers
was 0.02 ML/s. After deposition, �1 ML InAs at T1, the GaAs
spacer layer was deposited. The substrate temperature was then
changed to T2 for the growth of the second InAs QD layer with
an InAs thickness of �2 ML. In order to further extend the PL
emission wavelength, the second layer was capped by a 4 nm
In0:2Ga0:8As layer at the same temperature T2. To analyze
morphologies, another BQD without the cap layer was grown
on top. A schematic diagram of a complete structure is shown
in Fig. 1. The morphologies of the QDs in the top layer were
evaluated by a nanoscope IIIa atomic forcemicroscope (AFM).
PL measurements were taken at room temperature (RT) for all
examples with a Fourier transform infrared spectrometer oper-
ating with a cooled Ge detector. A Tecnai F20 field emission
gun transmission electron microscope (FEG-TEM) was used
to evaluate the microstructure and crystal quality of the epitax-
ial layers. The growth conditions of all samples are listed in
Table 1.

3. Results and discussion

The dark field TEM image of a BQD is shown in Fig. 2,
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Table 1. Growth conditions of samples A1 to C2. Here �1 and �2 are the deposition amounts of In in the two QD layers. T1 is the growth
temperature of the first layer of QDs; T2 is the growth temperature of the second layer of QDs and the cap layer.

Sample number
InAs deposition amount (ML) Growth temperature (ıC)

�1 �2 T1 T2

A1 2.3 2.3 550 550
A2 2.3 2.8 550 550
A3 2.3 3.2 550 550
A4 2.3 3.6 550 550
B1 2.8 2.8 550 550
C1 2.3 3.2 550 520
C2 2.3 3.2 550 480

Fig. 1. Schematic of InAs BQDs grown on GaAs substrate.

Fig. 2. Cross-sectional dark field TEM image of the BQDs.

which clearly displays the vertical alignment of two layers of
QDs. The dot size in the second layer is much larger than that
in the first layer and it is believed to be one of the main reasons
that the emission wavelength is extended in such structureŒ7�.
The material is of high quality as no dislocations can be found
in the image and it can be further proved by RTPL tests of the
sample.

In Fig. 3, we present the RTPL spectra of BQDs with dif-
ferent InAs deposition amounts �2 in the second layer and a

Fig. 3. RTPL spectra of BQDs with different InAs thicknesses �2 in
the second layer and a fixed thickness of �1 D 2.3 ML in the first
layer.

fixed thickness of 2.3 ML in the first layer for samples A1 to
A4. Different InAs deposition amounts in the second layer have
a great influence on the optical properties of BQDs. As to A1
to A3, when �2 changes from 2.3 ML to 3.2 ML, the emis-
sion wavelength red-shifts with the increase of InAs deposi-
tion amounts, which is similar to the situation in the single-
layer InAs QDsŒ14�. The emission wavelength reaches a max-
imum when �2 is up to 3.2 ML. We realized that this red-shift
is due to an increased dot size. In addition, the PL full width
half maximum (FWHM) decreases as a result of the improved
dot size uniformityŒ14�. However, a remarkable blue-shift is ob-
served for A4 as �2 is up to 3.6 ML, accompanied by a re-
duction of PL intensity and the increase of FWHM. An AFM
test shows that QD density of A4 reduced sharply compared
to A1 to A3 and some very large dots form. These large QDs
are believed to have no contribution to PL emissionŒ7�. How-
ever, the formation of these large islands brings more crystal
defects and/or dislocations. The bigger the QDs’ volume be-
comes, the more defects and/or dislocations they may involve,
because they are growingmuch faster than the smaller onesŒ15�.
As the total amount of InAs deposited in the second layer is
fixed, the formation of these large islands may reduce the size
of QDs around them. Thus, the QD’s uniformity in size is re-
duced and is reflected in the increase of FWHM in A4.

When fixing the InAs thickness of �2 D 2.8 ML in the sec-
ond layer, sample A2 has an InAs deposition of �1 D 2.3ML in
the first layer and �1 equals 2.8 ML for B1. Figure 4 shows the
RTPL spectra of the two samples. No distinct differences of PL
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Fig. 4. RTPL spectra of BQDs with different InAs thicknesses �1 in
the first layer and a fixed thickness of �2 D 2.8 ML in the second
layer.

Fig. 5. RTPL spectra of BQDs with different growth temperatures T2

for the second layer and a fixed growth temperature T1 D 550 ıC for
the growth of the first layer and changes of QD densities in the second
layer with growth temperature T2 (inset).

emission wavelength have been found as �1 changes. This may
be because the emission is mainly from the second layer. The
first layer just provides nucleation cites for the second layer.
The comparison of QD densities in the second layer of sample
A3 to C1 confirms this conclusion. As shown in the inset of
Fig. 5, when T2 changes from 550 to 520 ıC, the QD density in
the second layer changes little. However, the reduction of T2

from 550 to 520 ıC would be expected to lead an increase of
QD density by a factor of around 4Œ16�. It demonstrates that the
strain field generated by the first layer is strong enough tomake
QDs nucleate only on the top of the existing dots, regardless of
the reduction of the diffusion length of In atomsŒ10�.

Figure 5 shows the RTPL spectra of BQDs with different
growth temperatures T2 for the second layer and a fixed growth
temperature T1 D 550 ıC for the growth of the first layer. Both
the growth and capping temperature for sample A3 is 550 ıC.
A reduction of �crit for the second layer compared to the first
one (from 2.0 ML to 1.4 ML) is observed through RHEED,
which indicates that QDs in the second layer have a bigger
volumeŒ10; 17�. It may be expected that the QDs in the second
layer would be more strain-relaxedŒ10�. This, together with the
increased volume of QDs in the second layerŒ10�, should re-

sult in a red-shift of emission wavelength. But the PL emis-
sion of sample A3 is not as long as expected. As far as we
know, this is because the strain relaxation induces an enhance-
ment of In/Ga intermixing during the capping of the QDs in
the second layerŒ18; 19�, which compensates the expected red-
shift. In the study of single-layer QDs, low temperature cap-
ping was widely used to reduce In/Ga intermixingŒ20�. Here,
sample C1 was prepared to make a comparison. It was identi-
cal to A3 except that T2 was reduced to 520 ıC for the growth
and capping of the second layer. The RTPL spectra of sam-
ple C1 is remarkably different from that of A3. The emission
wavelength is red-shifted by 45.3 nm, to 1421.8 nm at room
temperature. When we further reduce T2 to 480 ıC, an addi-
tional red-shift of 14.6 nm is observed in sample C2. The RTPL
emission wavelength reaches 1436.4 nm and the FWHM is re-
duced to 27 meV. Furthermore, we realize that although both
the growth and capping at low temperature contribute to red-
shift, they have different physical originsŒ10�. The low tem-
perature growth tends to increase the aspect ratio and the low
temperature capping contributes to reducing In/Ga intermix-
ing. The reduction of QD density in C2 is due to the increase
of QD volume in the second layer, since the total In deposition
amount is fixed. The larger dots in the second layer induce the
red-shiftŒ21�.

4. Conclusion

To conclude, we have investigated the MBE growth of
InAs BQDs embedded in a pure GaAs matrix on GaAs sub-
strate. By optimizing the InAs deposition amount for the first
and second layer and the growth and capping temperature for
the second layer, InAs BQD emission at 1.436�mat room tem-
perature with a narrow FWHM of 27 meV was demonstrated.
The density of QDs in the second layer is around 9 � 109 to
1.4 � 1010 cm�2. Strong PL intensity and narrow FWHM in-
dicate that BQDs are of good quality. The experimental results
show that the BQD structures have great potential in the fabri-
cation of GaAs based long wavelength devices.
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