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Rapid thermal annealing of InAs ÕGaAs quantum dots under a GaAs
proximity cap
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The effect of postgrowth rapid thermal annealing~RTA! on GaAs proximity-capped structures with
self-assembled InAs/GaAs quantum dots~QDs! is investigated using transmission electron
microscopy~TEM! and photoluminescence~PL!. As can be seen from the TEM images, QDs
increase their lateral sizes with increasing annealing temperature~up to 700 °C!. QDs cannot be
distinguished after RTA at temperature 800 °C or higher, and substantial thickening of the wetting
layer can be seen instead. The main PL peak blueshifts as a result of RTA. We propose that in the
as-grown sample as well, as in samples annealed at temperatures up to 700 °C, the peak is due to the
QDs. After RTA at 800 °C and higher the PL peak is due to a modified wetting layer. Relatively fast
dissolution of QDs is explained in terms of strain-induced lateral Ga/In interdiffusion. It is proposed
that such a process may be of importance in proximity-capped RTA, when no group-III vacancy
formation takes place at the sample/capping interface. ©2001 American Institute of Physics.
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Thermally induced intermixing of semiconductor low
dimensional structures attracts attention as a way of tun
their properties.1 In recent years, this technique has also be
applied to semiconductor quantum dots~QDs!.2 Several pa-
pers have been published on InGaAs/GaAs Q
intermixing,3–13 and it is generally accepted that such a p
cedure leads to a blueshift and a narrowing of optical em
sion from QDs. The postgrowth thermal annealing is usua
performed in a growth chamber4,8 or in a rapid thermal an-
nealing~RTA! system with SiO2 capping5,9,12,13or proximity
capping~which means an annealing with a piece of Ga
substrate in close proximity to the sample surface!.3,6,7 It is
also known that RTA of samples without any capping lea
to surface degradation due to As outdiffusion.7 Although it is
well established that sample capping during thermal cyc
of strained InGaAs/GaAs multiquantum wells can critica
influence the results of the annealing procedure,14 compara-
tive studies of the effect on thermal annealing of QDs ha
been published just recently.12,13 In this letter, we report on
the effect of RTA on InAs/GaAs QDs with GaAs proximit
capping. We show that RTA can lead to complete dissolut
of QDs and to a significant broadening of the wetting lay
~WL!.

The structure investigated in this study was grown
metalorganic vapor-phase epitaxy. After growth of the Ga
buffer layer at 650 °C on a nominally~100!-oriented GaAs
substrate, the temperature was lowered to 470 °C and
assembled InAs QDs were grown in Stranski–Krastan
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mode. Then, the temperature was increased to 500 °C w
growing 100 nm of the GaAs capping layer. Samples
from the wafer were proximity capped and RTA treated
nitrogen ambient for 30 s at 600, 700, 800, 850, 900, a
950 °C. The surfaces of investigated samples were not
fected during the RTA procedure. The microstructures of
as-grown and all annealed samples were studied using tr
mission electron microscopy~TEM!. Cross-sectional TEM
specimens were prepared from the samples by a stan
method of mechanical thinning followed by ion milling. I
addition, plan-view specimens were prepared from the
grown sample. Wet etching in a 5% methanol solution
bromine was applied. All annealed samples as well as
as-grown one were studied by photoluminescence~PL!.
Measurements were performed at liquid-helium tempera
with laser excitation (l5780 nm). The signal was disperse
by a monochromator and collected using a liquid-nitroge
cooled germanium detector.

The presence of high-density self-assembled QDs in
as-grown sample was confirmed by plan-view TEM~Fig. 1!.
QDs are clearly visible in the bright-field TEM images tak
from the plan-view samples under two-beam (0,g) condition,
whereg was of the~220!-type reflection. The average size o
these QDs was about 10 nm. Their density, as estimated f
the plan-view observation, was of the order of 1011cm22.
The characteristic contrast arising from the dots~the contrast
is dark on one side of the island and bright on the other s!
suggests that the QDs present in the as-grown samples
fully strained.4 There is also no indication of any strain re
laxation in the form of large, dislocated islands or disloc
tions threading through the capping layer.

-
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The QDs can also be seen in the cross-sectional T
image of the as-grown sample@Fig. 2~a!#. RTA results in
substantial changes of the sample microstructure~Fig. 2!.
Well-defined QDs can still be seen in samples anneale
600 and 700 °C@see Figs. 2~b! and 2~c!, respectively#. The
lateral sizes of the QDs increase with increasing RTA te
perature. In samples annealed at 800 °C or higher temp
tures no QDs were observed. A broadening of the modi
WL can be observed instead. The layer thickness increas

FIG. 1. Bright-field TEM image of the plan view of the as-grown samp

FIG. 2. High-resolution electron microscopy images of samples: as gr
~a! and annealed at 600 °C~b!, 700 °C~c!, 800 °C~d!, and 950 °C~e!.
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approximately 3 nm after annealing at 800 °C@Fig. 2~d!# and
to about 8 nm after annealing at 950 °C@Fig. 2~e!#.

RTA-induced changes in the microstructure can be c
fronted with the results of the PL measurements. The
spectrum of the as-grown sample comprises two features
can be seen in Fig. 3. The main PL peak at 1.155 eV is
to optical recombination within the InAs QDs. Its inhomo
geneous broadening reflects the QD size distribution
fluctuations in their composition. The PL peak observed
1.42 eV is due to the InAs WL~1 ML thick as observed from
high-resolution TEM!. Annealing at 600 °C~for 30 s! results
in no significant change to the QDs PL peak position~with a
slight decrease of its intensity! and in a substantial decreas
of the WL PL intensity.3 Further changes to the PL spectru
can be observed after thermal treatment at 700 °C or hig
temperature. RTA treatment of the samples results in
quenching of the WL PL~with a weak feature still presen
after an annealing atT5700 °C!. One peak dominates th
PL spectra for samples annealed atT>700 °C with the en-
ergy position shifting from 1.33 eV~700 °C! to 1.427 eV
~950 °C!. In addition, a significant narrowing and intensi
increase of this PL peak takes place with the increase of
annealing temperature.

The observed changes in the microstructure and PL
the annealed samples can be interpreted as follows. RT
the lowest temperatures~600 and 700 °C! results in intermix-
ing of the QDs. Mainly, the lateral sizes of the QDs increa
as a results of that process. After RTA at 800 °C, the Q
cannot be distinguished in the TEM images. This sugge
that the QDs dissolve into the surrounding WL. The main
peak seen from such a sample must be due to the mod
WL. This layer, enriched with indium from the QDs broa
ens with increasing RTA temperature. Diffusion coefficien
n

FIG. 3. Photoluminescence (T54.2 K) from the as-grown and anneale
samples with InAs/GaAs QDs.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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for the intermixed WL can be estimated from their thickne
measured by TEM. It was assumed that all the indi
present before annealing~found from the growing param
eters! was uniformly redistributed during RTA. The Fick’
diffusion equation, in the form of the error functio
solution,15 has been employed. It has been assumed tha
WL thickness found from TEM corresponds to the full wid
at half maximum of the theoretical indium composition. D
fusion constants found from such analysis~from 2.3
310216cm2/s at 800 °C to 4.1310216cm2/s at 900 °C, and
1.7310215cm2/s at 950 °C! are similar to those reported fo
GaAs proximity-capped intermixed In0.35Ga0.65As/GaAs
multiquantum wells.14

The dissolution of QDs observed atT'800 °C is differ-
ent from the previously reported effect of RTA o
SiO2-capped samples with InAs/GaAs QDs. It was sho
that the three-dimensional character of the QD confinem
potential could be retained even after RTA at relatively h
temperature@30 s~Ref. 5! or 60 s~Ref. 13! at 900 °C# in such
samples. In our opinion the GaAs proximity capping duri
the RTA procedure is responsible for the relatively fast d
solution of the QDs in our samples. It is well known that t
interdiffusion process strongly depends on the density of
fects such as vacancies, interstitials, and dislocations.
number of Ga vacancies available for In/Ga interdiffusion
proximity-capped samples are limited to those existing in
sample. This results very likely in a relatively wea
intermixing14 across the dot/cap interface in such samp
Another process can be of importance during the RTA tre
ment of proximity-capped structures with QDs. This is t
non-Fickian strain-enhanced interdiffusion,16 which has been
suggested to explain some of the results of the RTA treatm
of InGaAs/GaAs QDs.3,7 The strain in regions around th
QDs ~Ref. 17! enhances the vacancy concentration, wh
increases the lateral In/Ga interdiffusion. In such a proc
Ga atoms would replace In atoms in the highly strained
gion around the QD base. Such behavior has already b
reported in the uncapped InP/GaAs system.18 Laterally en-
hanced interdiffusion could cause relatively fast dissolut
of the QDs. After RTA at 600 and 700 °C an increase in
QD lateral sizes due to interdiffusion is observed. Simu
neously, the area covered with the 1-ML-thick WL decreas
which could explain quenching of the WL emission. A fu
ther increase in the QD lateral sizes, which occurs after R
at higher temperatures, cancels the lateral confinement o
carriers. The blueshift of the PL peak observed after RTA
this temperature range is due to an intermixing of the mo
fied WL. On the contrary, a large number of Ga vacanc
form at the SiO2 /GaAs interface during RTA with the SiO2
cap, which is due to a fast Ga outdiffusion into the SiO2 layer
during thermal annealing.19 Ga vacancies diffuse into th
QDs region during RTA, enhancing the In/Ga interdiffusi
through a dot/cap interface.12,13 That process affects mainl
the QD height, which results in a blueshift and narrowing
the optical emission with no destruction of the thre
dimensional carrier confinement in the QDs. It is very like
that the density of the Ga vacancies introduced during R
with SiO2 capping is larger than the concentration of stra
Downloaded 10 Oct 2001 to 147.173.84.2. Redistribution subject to AI
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induced vacancies around the QDs~especially in the case o
low-density QDs!. This would explain, presumably, a weak
lateral intermixing and preserve the three-dimensional c
finement in SiO2-capped RTA QDs.

In conclusion, we studied the effect of thermal treatme
on the proximity-capped structures with self-assemb
InAs/GaAs QDs. TEM shows a complete dissolution of Q
into surrounding WL after RTA atT5800 °C for 30 s. Sub-
stantial thickening of the modified WL is observed after RT
at higher temperatures. It is proposed that strain-enhan
lateral In/Ga interdiffusion is responsible for the fast disa
pearance of the QDs in the investigated samples. This
cess may be of importance in proximity-capped anneali
when no group-III vacancy formation takes place at t
sample/capping interface.
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