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Abstract: The effects of postgrowth rapid thermal annealing have been studied on the optical properties of 3-nm-height InAs/GaAs

quantum dots covered by 3-nm-thick In.Gai- . As (x= 0, 0.1 and 0.2) overgrowth layer. At a higher annealing temperature (T =

750°C) . the photoluminescence peak of InGaAs layer has been observed at the lower-energy side of InAs quantum-dot peak. In

addition, a similar blueshift in photoluminescence (PL) emission energy is observed for all samples when the annealing temperature

increases from 650 to 850°C. However, the trend of photoluminescence linewidth towards narrowing is totally different for InAs

quantum dots with different In mole fraction in InGaAs overgrowth layer. The results suggest that the intermixing in the lateral

direction plays an important role in obtaining a better understanding of the modification of optical properties induced by the rapid

thermal annealing.
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1 Introduction

The postgrowth thermal treatment has been
recently used to modify the optical properties and

tune the intersubband energy spacing of self-

assembled quantum dots (QDs)'"”. The strong

narrowing of photoluminescence (PL) linewidth,

large blueshift in the intersubband transition

energy and the significant  reduction in

intersublevel spacing energy due to the rapid
thermal annealing (RTA) have been observed'' ™.
indicate that the

The experimental results

postgrowth  thermal treatment provides a

promising method for the application of quantum-
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dot structure in semiconductor QD lasers and
detectors. The structural and optical properties of
InAs/GaAs QDs subjected to RTA have been
widely investigated by using the transmission
electron microscopy and PL techniques. Although
the strong narrowing and significant blueshift of
QD luminescence emission can be attributed to the
In-Ga interdiffusion between InAs QDs and GaAs
barrier layer, the detailed mechanisms are still
unclear. In addition, the investigation into the
intermixing in lateral direction is rarely reported.
In the final analysis, such question is to understand
the optical changes of QDs subjected RTA.

In this paper, a QD structure is proposed to

estimate the effects of intermixing in the lateral
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InAs/GaAs QDs
covered by 3-nm-thick In.Gai-+As (x=0,0.1,0.2

and 0.3) overgrowth layer have been fabricated.

3nm-height

direction. The

The atomic force microscopy measurement
indicates that the surface topograph of InAs islands
covered by In«Gai- «As (x =0.2) becomes flatter.
Because the thickness of InGaAs overgrowth layers
equals the QD’s height, the lateral intermixing is
suppressed during the RTA process and the
InGaAs overgrowth layer has few influences on the
intermixing in the vertical direction. T herefore, the
influence of lateral intermixing on the QD optical
characteristics can be studied with these samples.
Our experimental results indicate that the In-Ga
intermixing in lateral direction has a strong
influence on the reduction of PL linewidth but a
weak effect on the blueshift in OD emission
energy. In addition, the photoluminescence peak of

InGaAs of InAs

quantum-dot PL peak has been observed as the

layer at lower-energy side

samples are annealed at a higher temperature.

2 Experimental Process

Samples studied here were grown on the GaAs
( 100) substrates by the conventional solid source
molecular beam epitaxy system (MBE) with a
Riber 32P machine. The growth order of the
sample structure is a 500nm GaAs buffer layer, a
2.0ML InAs QDs layer. a 3nm In:Gai-+As (x= 0
for sample A, 0. 1 for sample B, 0. 2 for sample C,
and 0.3 for sample D), and 100nm GaAs cap layer.
The InAs and InGaAs layers were grown at 500C
while the GaAs buffer and cap layers at 580°C. T he
formation of 3D islands was signaled by the abrupt
change from a streaky reflection high-energy
election diffraction pattern to a spotty one. After
deposition of 100nm SiO:2, the samples were
subjected to RTA in an argon ambient for 60s
within the temperature range from 650 to 850C. In
a closed-cycle He cryostat and under the excitation
of 514.5nm line of an Ar’ laser, the SiO: layers

were removed after we dipped the samples in HF

solution for PL measurements. The luminescence
spectra were detected by using a Fourier transform
InGaAs

infrared spectrometer and an

photodetector.

3 Experimental Discussion

Figure 1 shows the 0.5um X 0.5pm AFM
image of the self-assembled 2.0ML InAs QDs
grown on GaAs (100) substrate. The statistical

analysis indicates that the average lateral size is

FIG. 1
Image of 2.0 Monolayer InAs QDs Grown on GaAs
( 100) Substrate

0.5um X 0.5pum Atomic Force Microscope

18.0£ 1. 6nm and the height is 3.0£0.3nm. The
dot density of samples is approximately 3.8 X 10"
em °. Another AFM image ( not shown here)
shows that 2. OML InAs QDs covered by 3nm Ino.2—
GaonsAs is almost flattened. Figure 2 shows the
low -temperature PL spectra (at 77K) of sample C
having been unannealed or annealed at different
temperature ( 700—850°C). The postgrowth RTA
treatment leads to a blueshift (up to 140meV) in
the emission energy and a narrowing of the full
width at half maximum (FWHM) from 35meV of
the as—grown sample to 17meV of the samples
annealed at 850°C. The changes induced by RTA
are similar to those in InAs/GaAs (QDs that has
been reported. However, there is a lower-energy PL
shoulder at 1.28 eV for sample C when it is
annealed at 750°C, which has not been observed for
In(Ga)As QDs subjected to RTA. Moreover. the

increment in annealing temperature induces a
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redshift in the emission energy of lower peak.
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FIG. 2
Obtained from InAs QDs with InGaAs Overgrowth
Layer ( Sample C)
Different T emperature ( 700—850C) for 60s

Low-T'emperature PL Spectra (at 77K)

Unannealed and Annealed at

A low-energy peak has also been detected in
the PL spectra of InAs QDs covered by Ine.1Gao.o—
As and Inos Gao7 As layer. Figure 3 shows the

InAs/GaAs QDs InGaAs

overgrowth layer annealed at 800C. However, no

emission from with
broad PL peak has been observed at the lower—

energy side of InAs emission peak for sample A.
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FIG.3 Low-Temperature PL Spectra (at 77K)
Obtained from InAs QDs with In:Gai- < As (x=
0,0.1,0.2 and 0. 3) Overgrowth Layer Annealed
at 800°C for 60s

These results indicate that the broad

luminescence peak cannot be attributed to the InAs

QDs, but because of the redshift in the PL energy
with the RTA temperature increasing, shown in
2T s that

corresponds to the emission of InGaAs overgrowth

Figure believed this peak
layer. T he band gap of InGaAs overgrowth layer is
larger than that of InAs QDs among the as-grown
samples. Thus, the PL peak of InGaAs has not
been detected in unannealed samples. For InAs/
GaAs QDs, the RTA treatment results in a larger
blueshift of QD peak energy. However, the effects
of RTA on the optical properties of quantum wells

(QWs)

blueshift induced by postgrowth thermal treatment

are smaller than those of QDs. The

in PL energy of QWs cannot be clearly observed at
a low annealing temperature (T < 800C)"*".
T herefore, with the annealing temperature increa—
sing. the band gap of InAs 0Ds become larger than
that of InGaAs quantum well. With the annealing
temperature further increasing, the interdiffusion
of In-Ga will lead to the increment in In mole
fraction in the InGaAs overgrowth layer as well as
the redshift of PL energy.

Next, we will discuss the relative changes in
optical properties induced by RT A for InAs/GaAs
QDs InGaAs

overgrowth layer. Figure 4 shows the annealing

with different In-mole-fraction

temperature dependences of the peak positions of
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FIG. 4 Annealing  Temperature

Dependence of PL Energy of Sample A, B

and C

PL spectra for sample A, B, and C. It can be clearly
seen that the trends of blueshift in emission energy

are similar for all samples. However, the reduction
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of PL

composition of InGaAs overgrowth layer, as is

linewidth depends strongly on the

shown in Fig. 5. It decreases with the In mole
InGaAs

increasing. At the annealing temperature of 850°C,

fraction in the overgrowth layer
the FWHM of sample C becomes the largest. T his
unexpected result is because of the smallest PL

linewidth of

sample C among the as—grown
samples.
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FIG. 5 Annealing Temperature Dependence of

FWHM of PL Peaks of Sample A.B and C

Figure 6 (a) and (b) shows the cross-sectio-
nal TEM pictures of InAs QDs covered by GaAs
and 3nm Ino2 Gaos As strainreduced layer,
respectively. For InAs QDs covered by GaAs layer,

the dark contrast in Fig. 6 (a) expands from InAs

(a)

e Y

FIG.6 Cross-Sectional TEM Images of 2.0 ML InAs
QDs Covered by (a) GaAs Cap Layer and (b) 3nm-
Thick Ino2GaosAs Overgrowth Layer and GaAs Cap

Layer

QDs to the GaAs cap layer. The dark contrast

around the InAs QDs results from the strain

induced in and buffer layer. In

GaAs cap

comparison with Fig. 6 (a), the dark contrasts in
Ino.2Gao.sAs overgrowth and buffer layers in Fig. 6
(b) are weaker, which suggests that the
overgrowth InGaAs layer grown on the InAs dots
can reduce the strain in the growth direction of
QDs. As a result, the peak position of the latter is
much lower than that of the former.

Since the height of QDs is much smaller than
their lateral size, the blueshift in PL peak energy
induced by RT A mainly results from the change in
vertical direction'”. As for our samples, the
thickness of InGaAs overgrowth layer is equal to
that of the InAs QDs. The In-Ga intermixing in
vertical direction is very alike for all the samples.
T herefore, the trends of blueshift in PL energy
shown in Fig. 3 are similar for all samples. On the
other hand. the relative changes in PL linewidth
can be explained in terms of the influence of lateral
intermixing between InAs QDs and barrier layer.
For the InAs QDs covered by GaAs, the In-Ga
intermixing in lateral direction is larger than that
in vertical direction, due to the anisotropic strain
distribution at the interface!”™'". Therefore, the
relative quantum effects in lateral direction of QDs
become weaker when the QD samples are annealed
at a higher temperature. However, the lateral
intermixing can be suppressed for the samples
covered by InGaAs, resulting in the relative
increment in quantum effects in lateral direction.
For samples subjected to RTA. the effects of
lateral size distribution on the PL linewidth will be
enhanced with the increase of the In mole fraction
in overgrowth layer. Therefore, the changes of
InAs/GaAs QD PL linewidth induced by RT A will

decrease with the increase of the In mole fraction in

InGaAs overgrowth layer.

4 Conclusion

In conclusion, the effects of lateral intermixing

between QDs and Dbarrier have been

investigated by the RTA treatment of InAs/GaAs

layer

QDs covered by InGaAs overgrowth layer. Similar
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trend of blueshift in PL. QD energy is found in all
samples. However, the changes of PL linewidth
decrease with the increase of the In mole fraction in
the overgrowth layer, as can be attributed to the
suppression of lateral intermixing. In addition, at a
higher annealing temperature (7 = 750°C), the
photoluminescence peak of InGaAs layer has been
observed at the lower-energy side of the InAs

quantum-dot photoluminescence peak.
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