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We present an experimental study of the evolution of InAs/GaAs quantum dots partially capped with GaAs,
as an annealing process transforms them first into quantum rings and later into holes penetrating the whole cap
layer. Shape, composition, and optical emission were monitored as a function of annealing time by means of
atomic force microscopy, x-ray photoemission microscopy, and photoluminescence, respectively. Our results
show a progressive dissolution of the original dot, with the outdiffused material forming a second wetting layer
on the planar region surrounding the dot. For the longest annealing time, in a situation close to thermodynamic
equilibrium, no residual dot material is left in the holes, and an In-rich layer covers uniformly the surface. Our
findings were examined by taking into account the surface chemical potential previously written for Stranski-
Krastanov islands partially covered with a cap layer. We show that the energy gain due to the formation of the
second wetting layer is the driving force for the shape and composition evolution, but its analytical expression
should be modified, with respect to previous formulations, by taking into account the observed material
interdiffusion.
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I. INTRODUCTION

The quantum confinement properties of self-assembled
quantum dots �QDs� can be deeply mutated by deposition of
a thin layer of the barrier material in appropriate conditions
and a subsequent annealing, modifying them into so-called
quantum rings �QRs�.1,2 In fact, the material redistribution
taking place during this process creates craterlike nanostruc-
tures with a nonsimply connected geometry. Thanks to their
unique shape, self-assembled QRs possess different electron
confinement properties, and thus optical and transport prop-
erties, with respect to QDs. As a result, self-assembled QRs
can be viewed as a size bridge between mesoscopic and mo-
lecular ring structures, exhibiting, for example, the unique
property of trapping magnetic flux and persistent currents,
not affected by random scatterers.3–6 For example, they
could find a possible application in the detection of terahertz
radiation, which has gained much importance for their poten-
tial applications in the areas of security and biomedical
imaging.7,8 Detectors with detection range of 3–10 THz and
being operated at high temperatures are of particular interest.
Infrared photodetectors based on QRs have the potential of
high response speed, low dark and noise current, and it also
exhibits the far infrared wavelength detection ability.9–12

A number of experimental studies were concerned with
the formation mechanism of InAs/GaAs QRs.13–16 The con-
ventional method for the formation of InAs/GaAs QRs is a

capping and annealing procedure, in which a thin GaAs layer
is deposited on top of the InAs QDs followed by 30 s of
annealing in As2 flux.1,16 During the annealing of the par-
tially capped QDs, a strong material intermixing and redis-
tribution toward the surrounding wetting layer �WL� region
takes place.1,16 Despite this standard recipe for growing QRs
by molecular beam epitaxy �MBE� has been developed, their
formation mechanisms are far from being understood, and
only some qualitative models have been proposed;13,17 thus
questions such as the kinetics of the dot-to-ring transition,
and the shape and composition of the nanostructures in the
limit of thermodynamic equilibrium are still a matter of de-
bate. For example, the dot-to-ring transition has been attrib-
uted either to a dewetting process, which expels In from the
QDs,7 or a simultaneous strongly temperature dependent
Ga-In alloying process.15

In our previous work, we have successfully studied the
composition distribution of individual surface InAs/GaAs
QRs by chemical maps of single nanostructures obtained by
means of laterally resolved photoelectron spectroscopy.16 In
particular, we found that the composition of QRs is not uni-
form, being In-rich at the center region, corresponding to the
residual dot material imaged in buried rings.18,19 Our earlier
observations on InAs/GaAs QDs suggest that the dot surface
composition is neither pure InAs nor homogeneous
InxGa1−xAs, but present an In concentration increasing from
the borders to the center of the dots.20
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In this work, we present an experimental study of the
dot-to-ring evolution in the InAs/GaAs system, as a function
of annealing time after deposition of the GaAs cap layer,
aimed at understanding the kinetics of the transition, and the
configuration at the thermodynamic equilibrium limit. Sur-
face profile changes measured by atomic force microscopy
�AFM� are correlated with shifts in photoluminescence �PL�
emission. By using x-ray photoemission electron microscopy
�XPEEM�, we obtain two-dimensional compositional maps
of unburied rings, which we directly relate to the surface
topography measured ex situ by AFM. Our observations are
interpreted in terms of surface chemical potential distribu-
tion, where the wetting term21,22 is reconsidered in view of
the measured surface composition maps.

II. EXPERIMENTAL

The samples for this study were grown by MBE on
GaAs�100� substrates. QDs were formed by depositing 2
monolayers �ML� of InAs at a substrate temperature of
540 °C in As2 flux. The substrate temperature was then low-
ered to 490 °C, followed by 2 nm of GaAs deposition and a
subsequent annealing for periods varying from 0 to 360 s at
the same temperature. Samples for AFM studies were then
immediately cooled down and removed from the system. Ad-
ditional 40 nm of GaAs layer were overgrown at 490 °C on
samples for PL spectroscopy measurements. Selected
samples for XPEEM analysis were grown on n-doped sub-
strates �with annealing times of 0, 30, and 120 s�. A protec-
tive As layer was overgrown at a substrate temperature of
50 °C for 2 h with an As4 flux of 2�10−5 Torr to avoid
oxidation of the surface when exposed to air during transfer
to the XPEEM system.20

AFM measurements of surface topography were carried
out in intermittent mode using a Veeco instrument. The sur-
face morphology and the local chemical composition of the
sample surfaces were obtained by low energy electron mi-
croscopy �LEEM� and XPEEM, respectively, at the Nano-
spectroscopy beamline at Elettra, Italy. For these experi-
ments, the As capping layer was thermally removed in situ at
�380 °C prior to the measurements. A clear �1�3� recon-
struction was observed by low energy electron diffraction
�LEED� after decapping which is typical for As-stabilized
InGaAs in a wide composition range.23 The morphology of
decapped samples was checked by ex situ AFM, to rule out
possible effects of decapping. No differences were found
with respect to the QR samples without capping. XPEEM
allows obtaining photoemission spectra with an energy reso-
lution of 0.3 eV and a lateral resolution of down to 25
nm.24,25 Ga 3d and In 4d core level spectra were acquired
with a photon energy of 80 eV. Laterally resolved photoemis-
sion spectra were reconstructed from a series of XPEEM
images acquired as a function of photoelectron energy. At the
resulting photoelectron kinetic energies for both core levels
��60 eV�, the photoelectron escape depth � is �0.5 nm,
which makes our experiments very surface sensitive �first
few ML�. For a quantitative evaluation of the composition,
we have fitted all spectra with a procedure explained in detail
in Refs. 20 and 26. From these fits the total intensities IIn, IGa
of the two core levels were extracted.

The apparent surface In concentration x̄ is given by the
relative integrated intensity of the In 4d core level to the total
intensity, normalized to the respective photoionization cross
sections � �due to the closeness in energy, one can safely
assume the same escape depth for both core levels�27

x̄ =
IIn�Ga

IIn�Ga + IGa�In
. �1�

The measured composition, x̄, is a weighted average of the
compositions of the topmost atomic layers given as,

x̄ =
�i=0

� xie
−di/�

�i=0
� e−di/�

, �2�

where the contribution of the layer i with composition xi at
the depth di is exponentially attenuated with �. Details of the
experimental setup and the analysis can be found in Refs. 20
and 26.

The PL spectra were obtained using an Ar ion laser oper-
ated at �=514.5 nm, corresponding to a photon energy of
2.41 eV, well above the GaAs and InAs energy band gaps.
The laser beam is guided and focused through a lens onto the
sample. The sample was placed in a closed cycle liquid he-
lium cryostat for low temperature measurements. The lumi-
nescence signal dispersed by a 0.5-m monochromator was
detected by a Ge photodiode employing standard lock-in
technique, and the signal was transmitted to a computer. The
measurements were done at 10 K, with an excitation power
of 0.5 mW ��6 W /cm2�.

III. RESULTS

Figure 1 shows four AFM images for samples with �a� 0,
�b� 30, �c� 120, and �d� 360 s annealing time. With increasing
annealing, one can notice an overall increase in the nano-
structure lateral size, and the development of a central de-
pression, which becomes the only visible feature for the
longest annealing times �Figs. 1�c� and 1�d��. The shape evo-
lution has been evaluated quantitatively in Fig. 2. Figure 2�a�

FIG. 1. �Color online� 500�500 nm2 AFM images of InAs/
GaAs QDs capped with 2-nm GaAs followed by �a� 0, �b� 30, �c�
120, and �d� 360 s annealing.

BARANWAL et al. PHYSICAL REVIEW B 80, 155328 �2009�

155328-2



shows line profiles in the �011̄� direction for all the annealing
times from 0 to 360 s, with very similar profiles in the per-
pendicular direction �011� �not shown here�. Each profile is
an average of 10 AFM line scans through the centers of QRs.
With no annealing, a substantial height reduction in the origi-

nal QD �see Ref. 20� is observed �from about 15 to about 1.5
nm, above the free surface of the capping layer, i.e., about
3.5 nm by considering also the buried part� with just a very
shallow depression in the center, while the lateral size is the
same as the QD ��25 nm�. As the annealing proceeds, the
central hole and lateral rims develop, and the overall struc-
ture becomes broader and shallower. After 30 s annealing the
usual QR shape is achieved, with a central hole about 1.0-nm
deep with respect to the surface level. However, for the long-
est annealing times performed �from 120 s�, material redis-
tribution washes out completely the ring structure, leaving
only a �2.5 nm deep hole surrounded by a flat region with
virtually no rims. The hole depth roughly corresponds to the
total thickness of the deposited material �i.e., 2 ML
��0.5 nm� InAs+2 nm GaAs�, thus the hole extends ap-
proximately down to the underlying GaAs substrate. Such
structures are very similar to those obtained by capping InAs
QDs with a few nm GaAs by metalorganic chemical vapor
deposition, where surface kinetics is much faster, and pro-
files much closer to thermodynamic equilibrium are
obtained.28 Fig. 2�b� shows the variation in the diameter of
the rims �measured on the rim apex� as a function of anneal-
ing time �note that for the longest times the rims are invisible
in the AFM images, and barely distinguishable in the aver-
aged profiles of Fig. 2�a�, but still allowing for a diameter
determination, although with a larger error�. Figure 2�c�
shows the dependence of the height of the external rims and
the depth of the central hole on annealing time, both with
respect to the surrounding planar region. The geometry of the
measured quantities is shown in the insets of Figs. 2�b� and
2�c�. An exponential trend is fitted to the external rim height,
according to the discussion presented in Sec. IV. Since after
120 s annealing the hole reaches the GaAs substrate and the
shape is preserved �with only a much slower enlargement, as
compared to the first stages of evolution�, it is likely that a
situation close to thermodynamic equilibrium has been sub-
stantially reached.

Figures 3�a�–3�c� show LEEM images of a
500�500 nm2 area measured after the decapping process
for 0, 30, and 120 s annealed samples, respectively. The
nanostructures are clearly visible as dark features. For the 30
s annealed sample, the QRs are visible as dark, nearly sym-
metric, and doughnut-shaped regions.16 Figs. 3�d�–3�f� show
XPEEM images from the same surface regions measured at
kinetic energies corresponding to the In 4d core level, with a
photon energy of 80 eV. A clear bright contrast can be seen
for 0 and 30 s �Figs. 3�d� and 3�e��, with In-rich areas cor-
responding to the QRs, while no contrast is visible for 120 s
�Fig. 3�f��.

To assess the local composition, we have acquired photo-
electron spectra of the In 4d and Ga 3d core levels from the
island and the WL, measured at a photon energy of 80 eV.
Figures 4�a� and 4�b� show the spectra taken at the center of
the island marked with a circle �shown in the insets� and the
surrounding WL. The spectra clearly demonstrate that the
In 4d emission is higher at the center of the island, as com-
pared to the WL. We have fitted all spectra for a quantitative
evaluation of the composition with the procedure detailed in
Ref. 20. One such fit is shown in Fig. 4�c�, for the photoelec-
tron spectrum obtained from the 120 s annealed sample.

FIG. 2. �Color online� �a� AFM line profiles in the �011̄� direc-
tion for annealing times from 0 to 360 s. �b� Variation in the rim
diameter measured at the apex of the rings with annealing time. A
linear fit is shown with a dashed line. �c� Variation in the height of
the rims and the hole depth with respect to the surrounding planar
region as a function of annealing time. The sketches in the insets
show the measured quantities.
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Maps of the In concentration x̄ �obtained with the proce-
dure described in Refs. 20 and 26� of the samples from the
same region as for the LEEM images are shown in Figs.
3�g�–3�i�. The average In concentration on the planar region
was �0.23, �0.52, and �0.47 for 0, 30, and 120 s annealed
samples, respectively. The substantial drop of surface In con-
centration from the �uncapped� dot sample �x̄=0.76��Refs.
20 and 26� is mainly caused by the GaAs capping. Outdiffu-
sion of the QD material during GaAs deposition �with a
height reduction of about 10 nm of the original dot�20 should
not form at this stage a second WL on the planar region, but
rather be alloyed with the GaAs cap in the dot surroundings
�i.e., on the rims�.17 In fact, the measured composition of the
planar region �0.23� agrees well with the one resulting from
2-nm GaAs covering the first WL, with In surface segrega-
tion from the WL to the surface.29 For 30 and 120 s anneal-
ing, the In surface concentration increases and saturates at
about �0.5 �differences between the two samples could re-
sult from variations in the deposited In amount and QD den-
sity; the lower In concentration for 120 s could also be due in
principle to In desorption, but this should not be relevant at
490 °C30�. Such extra In presence indicates a strong In re-
distribution from the original QD to the surface of the sur-
rounding areas during the annealing �Figs. 3�h� and 3�i��.
Thus, despite the fact that the QD material outdiffuses al-
ready during GaAs deposition, the second WL is formed
only during the subsequent annealing.

Figures 3�g� and 3�h� show that the value of In content, x̄,
increases toward the center of the QRs from �0.23 in the
WL to �0.26 at the center of the ring for 0 s and from �0.51

to �0.56 for 30 s. On the other hand, for 120 s annealing
time, we could not observe any compositional variation �con-
sistent with the In 4d XPEEM image, Fig. 3�f�� between the
QRs and the WL, i.e., a uniform surface composition is ob-
served within our noise level of �x=0.01. Thus, as thermo-
dynamic equilibrium is reached, all the QD material is out-
diffused resulting in 2.5-nm-deep holes down to the GaAs
substrate, and the dot material distributes uniformly on the
surface, possibly alloyed with the GaAs capping layer.

To get further insight into the dot-to-ring transition, we
have performed PL measurements of the QR emission in
GaAs-overgrown samples, for annealing times up to 120 s
�i.e., the hole reaches the GaAs substrate�. Overgrown struc-
tures will likely not be exactly the same as surface QRs, due
to segregation or intermixing effects, however, the In-rich
core, where optical emission originates, is substantially
preserved.18 The PL emission spectra of the different samples

FIG. 3. �Color online� �a–c� 500�500 nm2 LEEM images of
sample surface after decapping for 0, 30, and 120 s annealed
samples, respectively. �d–f� XPEEM images from the same surface
regions measured at kinetic energies corresponding to the In 4d
core level, with a photon energy of 80 eV. �g–i� Surface In concen-
tration maps of the same regions measured by LEEM and XPEEM.
Grayscales in images �a�–�f� are chosen to optimize the contrast,
while color scales for images �g�–�i� are indicated at the right.

FIG. 4. �Color online� Laterally resolved photoemission spectra
of the In 4d and Ga 3d core levels from the islands and WL, mea-
sured at a photon energy of 80 eV: �a–b� Spectra taken at the center
of the island shown in the inset and the surrounding WL for 0 and
30 s annealed samples, respectively. �c� Fit of the spectrum from the
WL for the 120 s annealed sample.
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obtained at 10 K are shown in Fig. 5�a�. For 0 s annealing,
two PL peaks are visible at 1.03 and 1.41 eV, which corre-
spond to QR and WL emission, respectively. Note that at this
low power we excited essentially only the ground-state emis-
sion, while state filling was observed for higher powers �1.2
mW, not shown�. As annealing time increases, the QR emis-
sion peak shifts to higher energies.2,15,31 The broadness of
QR emission for 60 s annealing, with the appearance of mul-
tiple peaks, is likely due to the inhomogeneity of the ring
thickness at the center, where carriers are confined �see be-
low�, that, although similar in the different samples �with a
dispersion of about �0.3 nm�, here becomes comparable to
the QR thickness itself �about 0.5 nm�. For 120 s annealing,
no emission is detected from the QRs, and only a WL peak is
visible. This indicates that all the original QD material has
diffused away, consistent with the shape and composition
profiles. The blue shift in QR emission is systematic with
annealing time, similarly to what was observed on InAs/

GaAs QDs subject to partial capping and annealing which
transformed them in shallow elongated mounds.32 Such evo-
lution is reasonably due to the increase in the confinement
energy as the QR shrinks in height, and to the fact that the
residual QD material is more Ga-rich at the base than at the
apex.20,33 To confirm these conclusions, we have compared
our experimental emission energies with calculations on
simple model structures �the 60 s sample is not taken into
account due to the large uncertainty in its emission energy�.
Since lateral confinement plays a minor role in determining
the ground-state energies,32 we have used a one-dimensional
Poisson-Schrödinger solver to estimate them.34 Besides, we
assume that carriers are confined essentially in the central
core of the QRs, which is justified by the fact that these are
the regions richest in Indium.18,19 Thus, the QR thickness is
obtained by adding or subtracting the hole depth above the
free surface �Fig. 2�c�� to the surface-substrate distance
��2.5 nm, as explained above�. We have then varied the In
content in the simulations to match the ground-state energy
of the 0 s sample �1.03 eV�, which was attained by setting
x�0.5. This is a reasonable approximation due to In-Ga in-
termixing, although the actual vertical composition distribu-
tion is generally found to be nonuniform. Calculations on the
annealed samples by assuming the same composition show
that the ground-state emission blue shifts with decreasing
thickness, but by amounts that are lower than the observed
ones �Fig. 5�b��. This suggests that the remaining QR mate-
rial becomes more Ga-rich at its base �thus increasing its
band gap�, as generally accepted for the original QDs.33 For
example, the ground-state energy of the 30 s sample �1.38
eV� would correspond to x�0.28 at the estimated thickness
�we have not taken into account possible effects of strain
differences�. Finally, note that the WL emission does not
follow any systematic trend �with only some small sample-
to-sample fluctuations�, not allowing to follow the formation
of the second WL, indicating that a single emission is origi-
nating from this planar region with inhomogeneous vertical
In distribution.

IV. DISCUSSION

The mechanism of mass transport on an inhomogeneous
surface can be related to a gradient of the surface chemical
potential �.35 In the case of self-assembled QDs, � is modi-
fied by the presence of the capping layer, and has been writ-
ten for In adatoms as,21,22

�In�r� = �0
In + 	Es�r� + 
	��r� −

�	
�r�
a

, �3�

where the first term �0
In is the In chemical potential on a

planar unstressed surface, while the second term takes into
account the surface elastic energy Es�r�, 	 being the atomic
volume. Capillarity �surface shape-related diffusion� is con-
sidered in the third term, where 
 is the surface energy per
unit area and ��r� is the local curvature. The last term for-
malizes the tendency for In atoms to wet the Ga surface, as a
result of the generally lower surface energy of InAs, with
respect to GaAs.36 Here � is the energy benefit brought by In
diffusion on the GaAs cap, a is the lattice parameter, and

FIG. 5. �Color online� �a� Low temperature PL spectra at
6 W /cm2 for samples annealed from 0 to 120 s. A strong blue shift
is observed with the increase in annealing time. �b� Evolution of the
ground-state emission energy as a function of estimated QR thick-
ness. For details, see text. Triangles: experimental values. Reverse
triangles: calculated values assuming a uniform composition
x=0.5. Annealing times are indicated for each point.
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�r� is 1 on GaAs and 0 on InAs.21 At the early stages of
overgrowth, incorporation of GaAs above the InAs dots is
unfavored because of the large strain relaxation on its
surface,21,37 thus the first GaAs MLs will not wet the QD. At
these stages of growth, therefore, 
�r� was approximated as
being 0 on the QD and 1 on the surrounding wetting layer,22

thus determining an outward In flux from the dot. However,
as GaAs growth proceeds, the situation is expected to be-
come more complicated. First, after 4 ML, GaAs starts to
wet the QD surface,37 possibly alloying with the QD material
itself, due to segregation processes;29 second, the outdiffus-
ing In will alloy with the surrounding GaAs. Thus, the dif-
ference in surface composition between the QD and the sur-
rounding regions will be reasonably less than almost pure
InAs to almost pure GaAs, as assumed for the initial
capping,22 with a net decrease in the driving force for In
migration.

This is reasonably the situation we obtain after 2-nm
GaAs and no annealing �Figs. 1�a�, 3�a�, 3�d�, and 3�g��: a
considerable portion of the original QD has diffused out,
leading to a substantial ��10 nm� height reduction; how-
ever, subsequent wetting of the QD by the GaAs cap has
already started. This is confirmed by two observations. First,
QDs covered by only 0.5-nm GaAs present a residual height
very similar to the 2 nm+0 s annealing case �data not
shown here�, implying a conformal profile growth beyond
0.5 nm, in agreement with the trend observed in Ref. 37.
Second, the apparent In composition on the QDs is reduced
to about 0.26, from the original value of 0.85 for uncapped
islands;20 with our escape depth, this would be consistent
with the presence of a Ga-rich layer above the residual QD
material. Thus, the height profile and composition distribu-
tion we observe for no annealing suggests that most of the
original QD material is outdiffused during deposition of the
GaAs cap and strongly alloyed with it, while the cap itself
starts to wet the remaining QD. During the subsequent an-
nealing, this remaining In-rich material continues to diffuse,
now covering the GaAs cap away from the dots and forming
the second WL. This is indicated by the deepening of the
central hole and the overall increase in the measured In com-
position on the surface, as seen above. This process contin-
ues until all the QD material has outdiffused, leaving a hole
reaching the underlying substrate and a uniform composi-
tion. This configuration corresponds to the one predicted by
Wang et al. at thermal equilibrium, considering the elastic,
surface and second WL contribution to the total energy of the
system38 �note, however, that in this theoretical work, the
energetics of five possible scenarios are examined, which do
not include the crater-rim structure of the rings, obtained
here as intermediate stages of the dynamical process of QR
evolution�. The observed trend suggests that the 
�r� factor
in the last term of Eq. �3�, valid for the early stages of GaAs
capping �when In wetting of the cap layer and Ga wetting of
the dots are still negligible� could be conveniently substi-
tuted by 1-x�r , t�, which, through the time-varying surface In
concentration x �reasonably assumed to be isotropic around
each QD� takes into account the local surface composition as
the driving force for In wetting. Note that this reduced
chemical potential difference is still able to induce outdiffu-
sion of the QD material, as long as a composition gradient is

maintained from the QD to the WL. In fact, our XPEEM
experiments show a constant difference of the apparent sur-
face In concentration x̄ of about 0.03 up to at least 30 s
annealing time �Figs. 3�g� and 3�h��, which goes to zero at
120 s, when the In reservoir of the QDs is exhausted �Fig.
3�i��.

An analytical expression for the profile evolution starting
from the chemical potential of Eq. �3� �with the last term
modified as suggested above�, and using the Nernst-Einstein
�NE� and continuity equations,39 would be too difficult to
derive, due to the complicated spatial and temporal depen-
dence of the terms in Eq. �3� and to the many �largely un-
known� parameters appearing in the same relation. A com-
parison of our data with Eq. �3�, however, allows drawing
some general conclusions on the driving forces involved in
the diffusion process forming the QRs. First, the existence of
a crater as thermodynamic equilibrium is attained �Figs. 1�c�
and 1�d�� indicates that the capillarity term �which drives the
surface to planarization� should not play a dominant role in
the outdiffusion of the original dot material. In fact, Wang et
al. showed that the surface energy cost upon hole formation
is practically balanced by a counteracting elastic energy ben-
efit �due to the removal of the compressively strained, buried
part of the QD�, and that the total energy change upon the
formation of the crater is essentially ascribed to the energy of
formation of the second WL.38 Second, Fig. 2�b� shows an
initial rapid and constant increase in the rim diameter with
time up to 60 s, followed by a much slower expansion at
higher times. The NE equation predicts a diffusion flux pro-
portional to the gradient of the surface chemical potential:
J=−�nD /kT���, with n the density of adatoms and D the
diffusion coefficient. According to Eq. �3�, modified as dis-
cussed above, the wetting term of �� is proportional to the
gradient of the surface composition, and by discretizing ��
into a difference between the QR and WL regions, the NE
equation under the effect of wetting can be written as J
��x, where �x is the surface composition difference be-
tween the two regions. Thus, with a constant �x, which is
maintained until some residual QD material is present, a con-
stant outward flux is expected, as reflected of the linear in-
crease in the rim radius. When the reservoir is exhausted
�between 60 and 120 s annealing�, �x drops to zero and
wetting-related diffusion stops. The residual, much slower
size increase for longer annealing could be due to some re-
sidual strain fields in the former dot location, which, how-
ever, do not bring about any qualitative changes in the nano-
structures. Finally, the diameter increase is accompanied by a
broadening and a height decrease in the external rims. Con-
trary to the central hole, capillarity should thus be effective
in the thermal smoothening of the rims that, as can be seen in
Fig. 2�c�, can be well-fitted with an exponential decay, as
predicted by Mullins’ theory.39

V. CONCLUSION

We have investigated the kinetics of self-assembled QR
formation, by monitoring both the shape and composition
evolution and the photoluminescence spectra as a function of
annealing time. AFM results show that the well-known QR
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profile obtained at 30 s annealing time is not a thermody-
namic equilibrium profile, but evolves toward a larger hole,
reaching the underlying GaAs substrate, with the rim struc-
ture completely washed out. Material redistribution mapped
by XPEEM shows the formation of a second InAs wetting
layer on top of the GaAs cap, distributed uniformly. PL spec-
tra confirm the QD dissolution, resulting in a systematic blue
shift in the emission peak with annealing time, until its dis-
appearance �or merging with the WL emission� at 120 s.
These results should be taken into account in theoretical
models, which so far were able to explain qualitatively only
the conventional QR structures formed after 30 s
annealing,13,22 which are not equilibrium structures. The fact
that in samples closer to equilibrium �i. e., for the longest
annealing times� the hole reaches the underlying substrate

and the luminescence disappears, indicates that, consistent
with thermodynamic calculations,38 virtually all the QD ma-
terial diffuses out of its original location, merging with the
surrounding WL. From a qualitative point of view, by re-
examining the surface chemical potential for a partially
capped QD at the light of the measured shape and composi-
tion evolution, we were able to draw general conclusions on
the driving forces involved in the wetting QD dissolution
process.
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