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We have investigated the annealing behavior of InAs quantum dots 共QDs兲 grown on GaAs共001兲
substrates by molecular beam epitaxy. An in situ cantilever beam setup was employed to record the
stress evolution during deposition and subsequent annealing at the growth temperature. Ex situ
atomic force microscopy 共AFM兲 was used to characterize the morphological evolution of the QDs.
During growth of InAs QDs, a stress of 4.05± 0.5 GPa develops in the wetting layer. Beyond a
critical thickness of 1.5–1.6 monolayer, the strain is relieved by the QD formation. During
subsequent annealing the build-up stress relaxes. For annealing at temperatures around 440 and
470 ° C, QDs undergo standard ripening. Models based on different mechanisms for Ostwald
ripening, namely, kinetic and diffusion limited, are developed and fitted to the stress relaxation
curves. Although the relaxation curve for annealing at 440 ° C can be fitted reasonably well with all
models, the model describing ripening limited by diffusion along dot boundaries yields a slightly
better fit. On the other hand, at 455 and 470 ° C, the relaxation curve can be fitted very well only
with the model in which ripening is controlled by attachment/detachment of atoms on the dot
surface. For samples grown and annealed at 500 ° C, the stress accumulated during QD formation
relaxes below the value which was built up by wetting-layer growth. AFM images taken at different
annealing stages reveal that the QDs ripen first and then dissolve after 7.5– 10 min annealing. These
observations are explained by a combination of In desorption and interdiffusion between Ga and
In. © 2006 American Vacuum Society. 关DOI: 10.1116/1.2218869兴

I. INTRODUCTION
Self-organized quantum dots 共QDs兲 have been extensively
studied in recent years because of their potential for technological applications.1 In heteroepitaxial systems with lattice
mismatch 艌2%, such as Si/ Ge 共4.1%兲 and InAs/ GaAs
共7.2%兲, quantum dots grow in the Stranski-Krastanow
mode.2 Typically, a transition to three-dimensional 共3D兲 dot
growth occurs after deposition of a two-dimensional 共2D兲
wetting layer 共WL兲 due to the mismatch stress between substrate and film. This misfit stress relaxes during and after dot
formation.3 For InAs/ GaAs共001兲, the transition from 2D
layer by layer growth to 3D QD growth is found to depend
on the growth temperature and is at a thickness of 1.5–1.7
ML 共monolayer兲.4 If the amount of deposited material is
small, the 3D dots are dislocation-free 共so called coherent兲.
Upon postgrowth annealing, these coherent islands undergo
morphological changes with time, known as Ostwald
ripening.5 In the case of InAs/ GaAs, ripening from many
small to few large dots has been reported.6,7
The fundamental theory of particle coarsening is already
well established by Lifshitz and Slezov8 and Wagner9 and
further developed by Vengrenovitch10 and Vengrenovitch
et al.11 where a dot size distribution and a mean dot size as a
function of time are derived. The major assumption is that
the total volume of the quantum dots remains constant, i.e.,
that there is no mass transfer between the QDs and the WL or
substrate and that no desorption of material occurs. Therea兲
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fore these theories should only be applied to ripening at low
temperatures. Typically, the coarsening of particles is limited
by various possible mechanisms. For ripening of InAs QDs,
the following three models have to be considered. The first
model, denoted as model 1, describes that coarsening is limited by a kinetic process. In the second and third models,
denoted as models 2 and 3, respectively, ripening is controlled by diffusion on the surface 共model 2兲 and along the
dot boundaries 共model 3兲. To determine the ripening process
of QDs, investigators often try to fit an experimentally obtained mean island radius to the above mentioned theoretical
models. However, this procedure does not always yield a
clear determination of the ripening process. For instance, for
annealing of InAs QDs, Krzyzewski and Jones7 using scanning tunneling microscopy 共STM兲 images taken at different
annealing times found that the evolution of the average dot
size as a function of time cannot be described by any of the
above models. A better approach is to determine the ripening
process by not fitting only the average dot radius but rather
by fitting the complete time evolution of the dot radius distribution function to experimental data. For this purpose, we
use an in situ cantilever beam setup to measure the film force
evolution during deposition and annealing of InAs QDs
grown on GaAs共001兲. The stress is then given by the slope in
the film force curves. We can fit the models to film force
relaxation curves obtained during the annealing phase. In
combination with atomic force microscopy 共AFM兲 images
taken at various times during annealing, we are able to determine the involved ripening mechanism. For InAs/ GaAs
annealed at high temperatures, the above models should not
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FIG. 1. Schematic drawing of the cantilever beam setup. The short side of
the substrate stripe is along the 具011̄典 direction, while the long side is along
the 具011典 direction.

be applied due to nonconstant nature of the total dot volume.
For instance, dissolution of QDs occurs as Heyn12 and Lee
et al.13 observed in the transition in reflection high energy
electron diffraction 共RHEED兲 patterns. They attributed the
dissolution of InAs QDs to the desorption of In. However, it
has also been reported14 that intermixing of GaAs with InAs
is significant at higher temperatures and it was observed that
the mean dot volume increases due to the additionally incorporated GaAs.15 Further, it was found that interdiffusion has
a pronounced effect on the dissolution of embedded InAs
QDs in GaAs,16 but no report has been published that investigates the influence of interdiffusion on the ripening of uncapped QDs. We therefore also study the effect of annealing
at higher temperatures. Our experimental results reveal that
although In desorption influences the ripening behavior of
QDs seriously, the dissolution of QDs is a result of combined
In desorption and interdiffusion between Ga and In.
II. EXPERIMENTAL PROCEDURE
The samples were prepared in a III-V semiconductor molecular beam epitaxy chamber equipped with a cantilever
beam setup to measure stress curves during growth and annealing. The epiready GaAs共001兲 substrate stripes measuring
25⫻ 5 ⫻ 0.15 mm3 were clamped on one side, while the
other side was placed between two capacitor plates and allowed to bend freely, as shown in Fig. 1. A capacitance technique combined with a lock-in assisted signal detection system was used to measure a signal Smeas corresponding to the
deflection ⌬z of the free end in real time.17 The setup was
calibrated by measuring a signal Scal obtained from the bending of the cantilever due to its own weight. Applying
Stoney’s equation,18 the film force FF, defined as the force
per film width wF, is then given by

冉

冊

lcal
lS w2S Smeas
,
FF =
2共1 − S兲lF共lF + 2lFC兲 wF Scal

Sgl4S 1 − 共4/3兲

共1兲

where wS is the substrate width, lS is the substrate length, lcal
is half the length of the substrate inside the capacitor plates,
S is the density of the substrate, lFC is the gap between film
end and substrate end, S is the Poisson ratio of the substrate,
and lF is the film length. Before InAs deposition, the GaAs
substrates were degassed at 300 ° C 共thermocouple reading兲
for 2 h followed by oxide desorption at 605 ° C. Then, a
500 nm thick GaAs buffer layer was deposited. From previJ. Vac. Sci. Technol. B, Vol. 24, No. 4, Jul/Aug 2006

FIG. 2. 共a兲 Film force measured during deposition of nominally 2.3 ML InAs
at 440 ° C. A linear increase 共gray line兲 in film force is observed up to a
critical thickness of about 1.6 ML, yielding a stress of about 4.6 GPa. 共b兲
RHEED images taken in two azimuths before growth 共top row兲 and deposition of 2.1 ML InAs 共bottom row兲, showing the onset of a transition from
2D diffraction streaks to 3D Bragg spots.

ous studies,3 it is known that the critical thickness for dot
formation is around 1.5–1.6 ML in the temperature range of
440 and 500 ° C used in this study. For comparison, films
only consisting of a wetting layer were grown by depositing
⬃1.5 ML InAs, while films consisting of a wetting layer and
quantum dots were grown by depositing nominally ⬃2.3 ML
InAs, respectively. To investigate the ripening of QDs, these
films remained uncapped. The annealing behavior of the
quantum dots was monitored by keeping the samples at the
growth temperature up to 10 min while recording the film
force and then rapidly quenching them to room temperature
for AFM studies. High-resolution transmission electron microscopy 共HRTEM兲 was used to determine the structural
properties.19,20
III. RESULTS
A. Growth

Figure 2共a兲 displays the film force measured during
growth of a nominally 2.3 ML thick InAs film at 440 ° C.
Upon opening of the In shutter, a linear increase in film force
to ⬃1.8– 1.95 N / m is observed up to a thickness of
⬃1.5– 1.6 ML. With further InAs deposition, the film force
increase becomes smaller and proceeds with decreasing
slope up to a value of 2.5 N / m. AFM images reveal that no
InAs dots are formed at thicknesses below 1.5 ML, thus suggesting that the thickness at which the slope starts decreasing
corresponds to the critical thickness c at which the QDs
nucleate. This is consistent with the observation of a transition from 2D diffraction streaks to 3D spots in RHEED patterns 关shown in Fig. 2共b兲兴 obtained during growth. The observed c = 1.5– 1.6 ML is also in good agreement with the
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FIG. 4. Film force curves obtained during annealing of nominally ⬃2.1 ML
thick InAs films, i.e., samples consisting of the uncapped quantum dots on
top of wetting layer. The film force decreases more with increasing annealing temperature.

ture, the larger the decrease in film force. Corresponding
AFM images taken after 10 min of annealing show that the
surface contains more steps the higher the annealing temperature, which might be attributed to a mechanism for stress
release.
2. Quantum dots

FIG. 3. 共a兲 Film force curves obtained during annealing of 1.5 ML thick
InAs films, i.e., samples consisting of the wetting layer only. A decrease in
film force during annealing is visible; this effect becomes more pronounced
with increasing annealing temperature. 共b兲 2 ⫻ 2 m2 AFM images of the
WL samples taken 共b兲 before annealing and after annealing for 10 min at 共c兲
440 ° C, 共d兲 470 ° C, and 共e兲 500 ° C, respectively. The z scale is 1 nm for
both images.

values reported in the literature for QD growth at 470 ° C
共e.g., Ref. 4兲. Quantitatively, our experiments yield a stress
of about 4.05± 0.05 GPa, which is in reasonable agreement
with the theoretical value of 5.3 GPa, given the measurement
errors in both film force and growth rate. This indicates that
the elastic properties of a monolayer of InAs are similar to
those of InAs bulk crystals and that the influence of surface
stress effects is negligible.3

During annealing of the quantum dot films, the film force
also decreases with increasing annealing time, as shown in
Fig. 4. Again, the effect becomes larger with increasing annealing temperature. For 440 ° C, the film force decreases
from about 2.5 to about 1.8 N / m, thereby approaching the
value reached during the deposition of the wetting layer.
Since the wetting layer changes only slightly during annealing at 440 ° C, the decrease in FF measured for the quantum
dot film indicates a rearrangement of the dots yielding a
reduction of the film stress. This effect can be clearly seen in
AFM images taken at various stages during annealing, as
shown in Fig. 5 共top row兲. The dots display standard Ostwald
ripening from many small to few large dots, thereby reducing

B. Annealing
1. Wetting layer

Figure 3共a兲 shows the film force curves measured during
annealing of 1.5 ML thick InAs film, i.e., film composed of
the wetting layer only. We observe a decrease of the film
force from 1.8 to 1.6, 1.35, 1.1, and 1.0 N / m for annealing at
440, 455, 470, and 500 ° C, respectively. This decrease corresponds to a release of the mistfit stress accumulated during
growth. The small decrease of film force for annealing at low
temperatures indicates that the pseudomorphic wetting layer
does not change during annealing. This is confirmed by an
AFM taken after annealing for 10 min at 440 ° C 关Fig. 3共b兲兴,
which shows large terraces on the surface and an identical
morphology to AFM images recorded before annealing 共not
shown兲. On the other hand, the higher the annealing temperaJVST B - Microelectronics and Nanometer Structures

FIG. 5. 2 ⫻ 2 m2 AFM images of QD samples grown at 440 ° C 共top row兲,
470 ° C 共middle row兲, and 500 ° C 共bottom row兲, not annealed, annealed for
1, 5, and 10 min 共columns left to right兲.
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470 ° C, the total volume remains within the error bars constant, indicating standard Ostwald ripening behavior, thereby
justifying the assumption that no interdiffusion takes place.
The film force curve of the QD sample annealed at
500 ° C for 10 min reaches a value below the final value
approached during annealing of the corresponding wettinglayer sample. One possibility could be the formation of dislocation in the QD film. However, high-resolution transmission electron microscopy has shown that no dislocations are
formed. Another possibility could be a large mass transfer
from the wetting layer to the dots and subsequent dot dissolution due to In desorption, as already observed at higher
annealing temperatures.12 The AFM images shown in the
bottom row of Fig. 5 indeed reveal that the quantum dots
dissolve and a plot of the total volume 关Fig. 6共c兲兴 clearly
shows that the amount of material in the dots decreases during annealing. Therefore, in order to develop a model for the
observed annealing behavior at high temperature, both mass
transfer between substrate, wetting layer, and quantum dots
via interdiffusion of Ga and In and In desorption from the
QDs must be considered.
FIG. 6. Plot of total volume as a function of annealing time at 共a兲 440 ° C,
共b兲 470 ° C, and 共c兲 500 ° C, respectively. The total volume was obtained by
integrating volume histograms and normalized to an area of 1 ⫻ 1 m2.

IV. DISCUSSION
A. Annealing at low temperatures

the dot surface area and the corresponding surface tension,
leading to the observed reduction in the film force, for which
a mathematical model is given below in the Discussion
section.
Annealing at 455 and 470 ° C shows a similar decrease in
the film force; however, the final values reached 共1.35 N / m
at 455 ° C and 1.1 N / m at 470 ° C, respectively兲 are below
the value of the film force obtained at the critical thickness.
A comparison between the film force curves obtained during
annealing of the wetting layer and the quantum dot samples
shows that both curves end with similar values and display
the same slope at the end of annealing. This indicates that,
although the film force curve measured on quantum dot films
contains some contribution from changes of the wetting layer
during annealing, the dots undergo similar morphological
changes as compared to annealing at 440 ° C, as shown in
Fig. 5.
To check that the evolution of the film force curve can be
explained by a simple superposition of the FF of the wetting
layer and the quantum dots and is not caused by a mass
transfer between the wetting layer and the QDs, we extracted
total volume of all dots from volume histograms of the AFM
images. Plots of the total volume 共normalized to an area of
1 ⫻ 1 m2兲 as a function of annealing time are shown in Fig.
6. The obtained values are smaller for all images than the
nominally deposited volume which is a result of a too low
resolution 共1024⫻ 1024 pixel兲 in the AFM images and also a
resulting too low resolution in the volume histograms, in
which the perimeter of all dots as well as very small dots is
not counted. However, due to this consistent error, only the
absolute values in the total volume are shifted while the time
dependence is not altered. For annealing at 440 ° C as well as
J. Vac. Sci. Technol. B, Vol. 24, No. 4, Jul/Aug 2006

For annealing at low temperatures, we have observed
standard ripening from small to large dots. The total volume
of all dots remains constant as shown in Fig. 6, we therefore
employ the following simplified model for the film force
curves obtained at low annealing temperatures. As an approximation, we assume a constant surface tension  for the
dots with the total surface area of the dots Adots changing
with time. For such a situation, the film force FF共t兲 is given
by
FF共t兲 ⬀ 关Adots共t兲/Asubs兴,

共2兲

where Asubs is the constant surface area of the substrate. This
can, however, also be extended to a more complicated form,
for instance, by assuming different surface tension values for
various dot facets. A close look at the AFM images presented
in Fig. 5 reveals that the overall dot shape remains constant;
therefore, such an extension would lead to constant geometry
factor in the film force. We are, however, only interested in
fitting normalized curves; therefore our simplified model is
sufficient. Since the dots show three-dimensional coarsening,
we start with a model developed by Vengrenovitch for ripening of three-dimensional particles.10 According to this
model, at a given time t, the maximum radius of the particles
rg is given by
rgn共t兲 = an共t + bn兲1/共n+1兲

n+1
with bn = r0g
/an ,

共3兲

where r0g and an are constants, which depend on various
material parameters and are therefore temperature dependent.
For n = 1, the ripening will be controlled by attachment or
detachment of atoms on the dot surface, for n = 2, the mechanism for QD ripening is limited by surface diffusion of atoms
while for n = 3 the ripening is limited by diffusion of atoms
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along grain boundaries. Since the total volume of all dots
remains constant during the ripening process, the distribution
of particle sizes r at time t is then calculated as
f n共r,t兲 = constn

冕

rg 共t兲
n

gn共r/rgn共t兲兲
rgn共t兲

0

4

dr,

共4兲

g1共u兲 = u共1 − u兲−4 exp共− 2/共1 − u兲兲,

共5兲

g2共u兲 = u共1 − u兲−28/9共u + 2兲−17/9 exp关− 2/共3共1 − u兲兲兴,

共6兲

and

with distribution functions

g3共u兲 =

u3 exp关− 1/关3共1 − u兲兴兴exp关− 共1/9冑2兲arctan共共u + 1兲/冑2兲兴
共1 − u兲25/9共u2 + 2u + 3兲29/18

derived by Wagner,9 Lifshitz and Slezov,8 and
Vengrenovitch.10 The overall dot surface area Adotsn共t兲 then is
Adotsn共t兲 ⬀ 

冕

rg 共t兲
n

r2 f n共r,t兲dr.

共8兲

0

During calculation for each model an is normalized, which
simplifies the analysis by removing additional temperature
dependent factors. We choose different bn to fit the experimental curves and get the value of bn according to the minimum of relative errors.
Our calculation results are shown in Fig. 7. For annealing
at 440 ° C, model 3 yields the best fit to the experimental
curve, i.e., ripening controlled by atom diffusion along dot
boundar fits. However, the other two models also closely fit
the experimental data. It is therefore difficult to clearly distinguish which mechanism really limits the ripening process
of dots or if a combination of two or more mechanisms governs the process. On the other hand, for annealing at 455 and
470 ° C, model 1 fits the experimental data very well, indicating that the kinetic process, in which attachment/
detachment of atoms on the dot surface is the limiting step, is
the mechanism for dot ripening. Considering that diffusion is
typically a limiting factor at lower temperatures and kinetic
processes are the limiting factors at higher temperatures, our
results appear reasonable. It must be noted that the film force
curves obtained at 455 and 470 ° C also contain a contribution of changes in the wetting layer during annealing; however, these changes are relatively small and are not dominant
at the beginning of annealing where the largest change in
film force is due to the ripening of the dots. We also fitted
curves for which the contribution of the wetting layer was
subtracted and obtained again the same models. This can be
explained by the fact that the fits are more sensitive to the
beginning part of the film force curves and therefore fitting
of the original data sets is still valid. Due to the employed
fitting of the experimental data with a model which incorporates the whole time evolution of the dot distribution function rather than only an average dot radius, our results are
more compelling in determining the ripening process compared to previously published work.
JVST B - Microelectronics and Nanometer Structures
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共7兲

B. Annealing at high temperatures

Since the quantum dots dissolve during annealing at
500 ° C, the assumption that the volume remains constant is
no longer valid, as can be clearly seen in a plot of the total
volume of all dots shown in Fig. 6. We can therefore not use
the above model. However, we can explain our observations
in the following way. Let us consider the whole system composed of quantum dots, wetting layer, and substrate as a supersaturated solution of In in a GaAs matrix. For such a
system, a critical radius Rcr exists for each quantum dot and
depends on the degree of supersaturation ⌬, which is proportional to the In concentration. The critical radius is given by
␣ / ⌬, where ␣ is a constant associated with the surface tension of the dots. When the dot radius is larger than the critical radius, the dot grows, otherwise it dissolves. At elevated

FIG. 7. Fits to film force curves measured as a function of annealing time at
共a兲 440 ° C, 共b兲 455 ° C, and 共c兲 470 ° C.
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temperatures,14 one has to consider both In desorption and
interdiffusion between In in the dots and the wetting layer
and Ga from the substrate. At the beginning stage of annealing, the In concentration in dots is high, leading to a small
critical radius. Those dots with a larger radius r grow at the
expense of those dots with a smaller radius r and standard
ripening is still observed. With further annealing, due to In
desorption and In/ Ga interdiffusion, the In concentration decreases and the critical radius increases, leading to fewer and
fewer dot ripening. Eventually, the increase in Rcr overtakes
the increase of the mean dot radius rmean, i.e.,
dRcr/dt ⬎ drmean/dt,

共9兲

leading to a shrinking and eventual dissolution of more and
more dots. After a certain time, Rcr is larger than the largest
dot radius rmax resulting in a dissolution of all dots. This
process is clearly seen in our AFM images taken at later
annealing stages.
V. CONCLUSIONS
We have studied the ripening of InAs quantum dots grown
on GaAs共001兲 substrates by in situ measuring the stress during growth and subsequent annealing. For annealing at low
temperatures, a model based on Ostwald ripening was developed that allows us to fit the relaxation curves and determine
which mechanism plays the main role. We find that, for annealing InAs/ GaAs共001兲 at 440 ° C, it is difficult to determine the ripening process exactly, but still a model describing ripening controlled by atom diffusion along dot
boundaries fits the experimental data best. On the other hand,
for annealing at 455 and 470 ° C, we find that the ripening
process is clearly limited by atom attachment/detachment on
the dot surface. For annealing at 500 ° C, the different evolution process can be explained by a combination of interdiffusion between Ga and In atoms and desorption of In.
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