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InAs/GaAs quantum dots �QD’s� are formed by postgrowth annealing of an InAs wetting layer thinner than
the critical thickness for the transition from two- �2D� to three-dimensional �3D� growth mode. Reflection high
energy electron diffraction is used to monitor the QD formation. Based on a mean-field theory �Phys. Rev. Lett.
79, 897 �1997��, the time evolution of total QD’s volume, first increasing and finally saturating, is well
explained by precursors forming during wetting layer growth and converting into nucleated QD’s after growth
stop. Both the saturation QD’s volume and the QD nucleation rate depend exponentially on the InAs coverage.
These behaviors and their temperature and InAs growth rate dependences are essentially understandable in the
frame of the mean-field theory. Similar analysis to conventional QD growth suggests that the often observed
significant mass transport from wetting layer to QD’s can be ascribed to the precursors existing before 2D-3D
growth mode transition.

DOI: 10.1103/PhysRevB.73.115327 PACS number�s�: 68.65.Hb, 68.35.Bs, 61.14.Hg

I. INTRODUCTION

The formation of self-assembled semiconductor quantum
dots �QD’s� has received significant attention due to the in-
teresting properties of QD’s and their prospects in optoelec-
tronic device applications.1 However, the exact mechanisms
in the self-assembly have not been well understood yet, al-
though considerable effort has been devoted.2,3 It is consid-
ered that there are two possibilities: consuming the adatoms
on the wetting layer and directly consuming the wetting
layer.4 In conventional QD growth, these two processes are
mixed together and may interact with each other since the
deposition continues after the transition from two—�2D� to
three-dimensional �3D� growth mode. It makes the dynamics
of QD formation complicated and the analysis difficult. Ex-
perimental studies of QD formation without deposition flux
is thus required5 to enable a separated study of wetting layer
consumption in QD formation process. QD’s formed from a
wetting layer thinner than the critical thickness for conven-
tional 2D-3D growth mode transition has been studied in
Ge/Si system,6 but such studies on III-V compounds,7 espe-
cially quantitative investigations, are still lacking.

In the experimental studies of self-assembled QD’s,
atomic-force microscope �AFM� and scanning tunneling mi-
croscope �STM� are the main techniques for characterizing
the QD formation process, but it is difficult to use them as a
real-time monitor. In addition, as has been pointed out,8 the
cooling down procedure, which is necessary before analysis
of AFM or STM, is rather effective in changing the surface
morphology to be far from the original. As a matter of fact,

the usually used reflection high energy electron diffraction
�RHEED� is the most convenient way of real-time monitor-
ing of QD formation, as has been widely reported.9–11 Ac-
cordingly, we use RHEED as the main tool of analyzing the
QD formation in this work.

On GaAs substrates, here we investigate the progression
of an InAs wetting layer thinner than but close to the critical
thickness for 2D-3D transition, which is thus termed “sub-
critical” hereafter. Lower density of InAs/GaAs QD’s are
found to form during the postgrowth annealing. The QD for-
mation process is quantitatively analyzed by real-time
RHEED. The results are explained in view of precursors
formed during InAs wetting layer growth and transforming
into QD’s following the growth stop. The role of precursors
in conventional QD formation is also discussed.

II. EXPERIMENTAL RESULTS

Our samples were fabricated by molecular beam epitaxy
on semi-insulating GaAs �001� substrates. InAs was depos-
ited on a buffer layer of GaAs. Following the stop of InAs
deposition, a period of postgrowth annealing was performed
without changing the substrate temperature and the arsenic
pressure.

The changes in QD’s with varying conditions are firstly
examined by AFM measurements. To obtain images reflect-
ing the as-formed QD’s, the sample holder is suddenly
cooled down by switching off the substrate heater and then
taken off the heater within 20 s. We do not use samples with
postgrowth annealing time less than 40 s for AFM observa-
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tion because the morphology may be still changing during
the cooling down process. In our experimental system, at
480 °C and with InAs growth rate of 0.031 monolayers
�ML� per second, the nominal critical InAs wetting layer
thickness for 2D-3D growth mode transition is 1.66 ML.
Figure 1�a� shows the AFM image of a QD sample conven-
tionally grown by depositing 1.69 ML of InAs followed by
60 s of postgrowth annealing. It has a QD number density of
2.2�1010 cm−2. If we stop depositing InAs before 2D-3D
transition, postgrowth annealing of such a subcritical wetting
layer also gives rise to finite density of QD’s. As shown in
Figs. 1�b� and 1�c� for 60 s of annealing, InAs coverage of
1.55 ML produces a QD ensemble with density of 2.0
�109 cm−2, and a small decrease of coverage down to 1.49
ML leads to one order of magnitude lower QD density, 1.6
�108 cm−2. The size of the QD’s for these conditions are not
very different.

Real-time RHEED is used to monitor the process of QD
formation in detail. During the growth and postgrowth an-
nealing, the substrate was fixed to observe the RHEED im-
age along the �100� azimuth. The insets in Fig. 2 show typi-
cal RHEED images before, at the beginning of and after the
QD formation. The monitored area is selected to be corre-
sponding to one of the brightest spots after QD formation, as
indicated by the rectangular marks in the inset images. The
integrated RHEED intensity in the marked area was recorded
with the scanning time, as shown in Fig. 2, in which the
points corresponding to the inset images are indicated by
arrows. Since RHEED intensity is proportionally correlated
with the total QD’s volume, we use the RHEED intensity
recorded in the way shown in Fig. 2 as a measure of total
QD’s volume in this work.

In Fig. 3�a�, scattered symbols demonstrate a series of
time-scanned RHEED intensity for InAs/GaAs QD forma-
tion at 480 °C with different coverage of InAs deposited at
0.031 ML/s. For the sake of clarity, the zero point of theFIG. 1. AFM images of InAs/GaAs QD’s formed by 60 s of

postgrowth annealing after depositing �a� 1.69, �b� 1.55, and �c�
1.49 ML of InAs at 480 °C with a growth rate of 0.031 ML/s.

FIG. 2. A representative time-scanned RHEED intensity curve.
The insets show typical RHEED images before, at the beginning of,
and after the formation of QD’s. The RHEED intensity is taken by
integrating over the marked area in the images. The intensity of
RHEED images is logarithmically scaled.

FIG. 3. RHEED intensity evolution with postgrowth annealing
for InAs deposited with a rate F=0.031 ML/s at 480 °C. The scat-
tered symbols are experimental data. The solid curves are the fitted
results according to Eq. �1� and the dashed lines are the simulation
using Eqs. �3� and �4� by setting the initial conditions: t= t0=43 s,
n1�t0�=0.03 ML, n2�t0�=0.0006 ML, n3�t0�=0, D�2=20, D�3=40,
�0=0.089 s−1, E�F=0�=2.1 eV, and E�F=0.031�=21 eV. The re-
sults for longer annealing times are shown in �b�.
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time axis is taken to be the stop of InAs growth rather than
the beginning of InAs deposition such as in Fig. 2. The on-
sets of rapid increase for 60 and 54 s of InAs deposition,
occur 7 s and 1 s before growth stop, but they are actually at
the same 53 s from the standpoint of InAs growth time. In
such conventional QD growth cases, the initial increase of
RHEED intensity versus time is naturally the same, while the
final saturation level comes down with decreasing InAs cov-
erage. Using 53 s of InAs deposition, whose coverage equals
the critical wetting layer thickness, the RHEED intensity in-
creases immediately following the growth stop and as speed
as the above two, but soon saturates at a lower level �not
shown�. When the InAs deposition time is less than 53 s, i.e.,
on a subcritical wetting layer, the apparent increase of
RHEED intensity is delayed, and this delay is longer and
longer as the coverage decreases. At the same time, the in-
crease rate is slowed down, and the final RHEED intensity is
lowered. When the InAs coverage is less than 1.60 ML, the
RHEED intensity is still increasing after 2 min of post-
growth annealing. In fact, there is certainly a saturation be-
havior even for lower InAs coverage as long as the post-
growth annealing time is sufficiently long. In Fig. 3�b�, the
evolutions of RHEED intensity for InAs growth time of 50,
49, and 48 s are presented up to about 5 min of postgrowth
annealing, which indicates the trend of RHEED intensity
saturation for lower InAs coverage.

The saturation behavior can be used to establish the quan-
titative correspondence between RHEED intensity and the
actual volume of QD’s. We use STM, which is more accurate
than AFM, to measure the QD volume. A sample with satu-
rated QD’s volume is not expected to be subject to changing
in QD’s volume during the cooling down process mentioned
above. Such a cooled sample is then covered by a few mi-
crometers of amorphous arsenic for STM observation.12 By
integrating the STM data using an image processing pro-
gram, the volume of observed QD’s is obtained. As an ex-
ample, the QD’s in Fig. 1�a� have a lateral diameter of
19.5 nm and a height of 2.3 nm in average, and accordingly
the saturation RHEED intensity for 54 s of InAs coverage
shown in Fig. 3�a� corresponds to a total QD’s volume of
about 0.18 ML.

Although the evolution of total QD’s volume looks simi-
lar in two cases of QD formation, that with InAs growth
continuing after and stopping before the conventional 2D-3D
growth mode transition, they differ in detailed characteris-
tics. It is found that the evolution of RHEED intensity I with
postgrowth annealing time t from a subcritical wetting layer
can be expressed as

I = I0�1 − e−t/�� , �1�

where I0 corresponds to the saturation value of RHEED in-
tensity and � is a time constant. The fitted results are shown
by solid curves in Fig. 3. It is clear that the data of RHEED
intensity for QD formation from a subcritical wetting layer
are well fitted. The aforementioned delay of apparent in-
crease is a result of RHEED intensity below the background
before a certain of annealing time. However, those for con-
ventional QD formation are poorly matched. This is easily
seen in the region of transition from rapid increase to satu-

ration of RHEED intensity. In detail, if � is tuned to fit the
transition region, it fails in matching the initial rapid in-
crease, and vice versa. It means that QD formation in the
atmosphere of InAs deposition flux is somehow different
from that without InAs deposition. On the other hand, the
result for 54 s of InAs growth is not far from Eq. �1�, sug-
gestive of some common mechanism between the cases of
coverage below and slightly above the critical thickness.
These results remain for different substrate temperatures and
different InAs growth rates in our experimental range. Nev-
ertheless, the present study is limited up to 500 °C because a
higher substrate temperature leads to a slow decreasing
RHEED intensity replacing the saturation behavior, which
has been observed before and ascribed to InAs desorption.9

The fitted results of the saturation RHEED intensity I0 are
presented in Fig. 4. With increasing coverage of a subcritical
InAs wetting layer, I0 increases exponentially although this
dependence does not extend up to the critical thickness �c.
As the temperature is raised, this exponential variation be-
comes steeper. Meanwhile, the critical thickness increases,
similar to the previous reports.13 In the region with coverage
� well above �c, I0 changes linearly with �, although it is
displayed on a logarithmic scale. This is in agreement with
the previous result that QD volume changes as a linear func-
tion of InAs coverage.14 With different InAs growth rates,
the exponential slope for I0 versus � does not show obvious
change. However, I0 itself is weakly reduced with lowering
InAs growth rate. For ���c, this observation coincides with
others’ observation on conventional QD’s growth.15 One ex-
ample at substrate temperature of 480 °C can be seen in the
inset of Fig. 4.

Figure 5 shows the coverage dependence of fitted �−1,
which describes the speed of QD formation. In the range of
coverage � well below �c, �−1 decreases exponentially with
decreasing coverage. At low temperatures up to 480 °C, the
exponential slope of �−1 versus � keeps almost unchanged.
With temperature further raised, the variation of �−1 with �

FIG. 4. InAs coverage dependence of the saturation RHEED
Intensity I0 obtained by fitting the RHEED data with Eq. �1� for
different substrate temperatures and different InAs growth rates �in-
set�. Arrows indicate the critical thickness �c. The straight lines are
the exponential fittings of the data well before �c by Eq. �2�.
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becomes less and less steep, in contrast to that for I0 versus �
seen in Fig. 4. Since the time evolution of RHEED intensity
for � well above �c cannot be well fitted by Eq. �1�, the
maximum coverage in presenting �−1 is only slightly higher
than �c. Around �c, �−1 deviates down from the exponential
coverage dependence and tends to be constant. The �−1 value
around �c looks invariable at low temperatures but decreases
at higher temperatures. On the growth rate dependence, rep-
resentative results at 480 °C are shown in the inset of Fig. 5.
The exponential slope for �−1 versus � are almost indepen-
dent of the InAs deposition rate. With decreasing InAs
growth rate, �−1 value around �c does not change much, al-
though is weakly degrading.

Fitting the above observed coverage dependence of �−1

and I0 in the subcritical regimes with

I0 � e�I�,

�−1 � e���, �2�

as indicated by solid lines in Fig. 4 and 5, we have exponen-
tial slope � displayed by scattered symbols as a function of
temperature T as shown in Fig. 6. It intuitively presents the
different behaviors of I0 and �−1, indicative of different de-
cisive factors in their variations.

The above observations illustrate QD formation from a
subcritical InAs wetting layer by postgrowth annealing. Al-
though RHEED does not show any change from 2D growth
of the wetting layer before QD formation, the different re-
sults for different InAs coverage imply something progresses
with the growth of wetting layer. It is then important to ex-
amine what happen on this “flat” surface before QD forma-
tion. The morphology at the point of growth stop needs to
freeze, but it has been found difficult to see the real surface
of such a strained layer due to unavoidable effects of
annealing.8 Here we use an indirect method. After growth
stop, the InAs wetting layer is immediately capped by GaAs

at a high growth rate of 2 ML/s for less than 2 min without
increasing the growth temperature, which produces an
InAs/GaAs quantum well structure, followed by soon cool-
ing down the sample in the way mentioned for QD’s. We
measured the photoluminescence �PL� of such quantum
wells at 77 K with excitation of the 514.5 nm line of a Ar+

laser. The PL spectra are presented in Fig. 7. We see that,
with increasing well width, the PL peak of the InAs/GaAs
quantum well broadens. With well width of 1.64 ML, which
is the nearest to the critical thickness, the peak of the quan-
tum well is superimposed on the tail of a broad peak, indi-
cating the existence of a RHEED-undetectable number of
InAs QD’s. The change of the inhomogeneous broadening
implies that the fluctuation of the effective quantum well
width increases with the nominal well width. Of course, the

FIG. 5. InAs coverage dependence of �−1 obtained by fitting the
RHEED data with Eq. �1� for different substrate temperatures and
different InAs growth rates �inset�. Arrows indicate the critical
thickness �c. The straight lines are the exponential fittings of the
data well before �c by Eq. �2�.

FIG. 6. The exponential slope for the InAs coverage dependence
of I0 and �−1, obtained by fitting related data in Figs. 4 and 5 with
Eq. �2�, as a function of substrate temperature T. The dashed curve
shows the fitting of �I, proportional to D, by Eq. �9�. The solid line
indicates the inverse temperature dependence of �� as can be de-
duced from Eq. �4�.

FIG. 7. PL spectra of InAs/GaAs quantum wells, which were
fabricated with rapidly depositing GaAs capping layer immediately
after the InAs deposition. The numbers denote the nominal well
width and the full width at maximum of the spectra.
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overgrown interface does not definitely represent the mor-
phology of as-grown wetting layer surface. Some effect such
as Indium segregation into GaAs cap layer during over-
growth may also induce PL broadening. However, such an
effect is suppressed in our samples by quick capping and
rapid cooling. In addition, the monotonic increase in the PL
peak width with wetting layer thickness is different from the
absence of clear well width dependence of an indium-
segregation-induced PL broadness for InGaAs/GaAs quan-
tum wells.16 In contrast, an indium-segregation-induced nar-
rower PL peak of InAs/GaAs quantum wells has ever been
observed.17 Even if the indium segregation is playing some
role in PL broadening in our samples, it might be associated
with the roughness of as-grown surface, because indium seg-
regation is found to prefer the top of islands.18 Therefore, our
PL study on differently thick InAs/GaAs quantum wells sug-
gests to a high degree that the InAs wetting layer before
2D-3D growth mode transition is rougher and rougher with
growing time. This is correlated with the coverage depen-
dence of total QD’s volume as observed above, and may
serve as the base to understand the QD formation mecha-
nisms.

III. DISCUSSION

Surface roughening in epitaxial growth has received much
attention in recent years.19 On the 2D strained InAs wetting
layer, it was found that the surface becomes much rougher
even with slightly increasing the InAs coverage from 1.3 to
1.4 ML.20 In some cases, small 3D islands can be formed
from such an InAs wetting layer.7 Our PL results in Fig. 7
provide evidence of similar phenomenon in our samples.
Theoretical studies show that, due to the existence of rough-
ness, a 2D stained film is always unstable,21,22 and nucleation
can occur to form 3D islands as long as the initial surface is
sufficiently rough.5 On the other hand, self-assembled QD’s
are widely regarded as arising from precursors, including
some floating features,20 2D platelets,23,24 and quasi-3D
islands.25 The floating features and 2D platelets may locate
on the top of large 2D islands. This causes locally one mono-
layer fluctuation of the wetting layer thickness. Quasi-3D
islands sitting on the 2D flat wetting layer are a couple of
monolayers high so that it gives rise to larger roughness of
the wetting layer than 2D platelets do. Therefore, we ascribe
the observed roughness of an as-grown wetting layer to, at
least partly, the existence of precursors for QD’s formation in
our samples. In the following, we shall analyze our observa-
tions in view of QD formation through transformation of
precursors formed during InAs deposition.

A. Rate equations

Considering mass transport between adatoms, 2D precur-
sors and 3D QD’s, Dobbs et al. advanced a mean-field theory
on self-assembled QD’s.26 They started their calculation
from the beginning of conventional QD formation. We ex-
tend the analysis to the stage well before 2D-3D growth
mode transition. Then the 2D growth of the wetting layer has
to be taken into account. As an approximation, we regard it

as the attachment of adatoms to the pure 2D wetting layer
with an attachment rate 	. As to the precursors, we consider
2D platelets and quasi-3D islands sitting above the pure 2D
wetting layer as just mentioned. In our samples, quasi-3D
islands may be the main precursors or more realistic due to
the obvious roughness of the wetting layer. In addition, 2D
platelets can rearrange into bilayer, trilayer islands,27 sug-
gesting a precursor conversion from 2D to quasi-3D islands,
so that we may treat the precursors as one type. Conversion
of a precursor by migration of the peripheral atoms to its top
gives rise to the formation of a QD on the top of a wetting
layer,26 which is described by a nucleation rate �. All of
these pure 2D wetting layers, precursors, and QD’s are cap-
turing adatoms, which are supplied by InAs deposition and
are distributed on the top of the whole surface, including that
of pure 2D wetting layers, precursors, and QD’s. Based on
the mean-field theory of Ref. 26, we are able to deal with the
amounts, meaning the product of size and density, of ada-
toms n1, precursors n2, and QD’s n3, in terms of atom num-
bers or equivalently volumes in unit of ML. The rate equa-
tions are thus written as

dn1

dt
= F − 	n1 − D��2n2 + �3n3�n1,

dn2

dt
= D�2n1n2 − �n2,

dn3

dt
= D�3n1n3 + �n2, �3�

where F is the InAs deposition rate, D is the diffusion coef-
ficient of adatoms, �2 and �3 are the normalized capture
number for adatoms to be captured by the precursors and
QD’s, respectively. Here we do not include exact analysis of
the precursors with critical size since they are normally much
less than the total ones. Instead, we set an initial value of n2
to replace the starting role of critically sized precursors. We
also neglect the contribution of an adatom escaping from the
precursors because it has only a minor quantitative effect.
Using this equation, one can simulate the QD formation and
study the evolution of precursors.

B. Time evolution

Before simulating the QD formation, some parameters
have to be further considered. In the rate equations, the at-
tachment rate 	 is in principle affected by the surface geom-
etry. It is expected to decay as the precursors and QD’s in-
creases because the effective pure 2D flat area is decreased.
We take a form of 	=	0�1−s2−s3�, where s2 and s3 are the
base areas of the precursors and QD’s, respectively, esti-
mated by modeling them as cone shaped. The precursors are
taken to be 3 ML high for calculation of s2 and the averaged
STM data of saturated QD’s are used for calculation of s3.
Although this is not exact owing to the changing height with
time, especially in the beginning, it is found that this treat-
ment gives a difference less than 10% from that using a
constant 	=	0 and those using linearly changing heights.
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The capture numbers are usually complex functions of the
size and shape of precursors and QD’s. From Ref. 26, one
may expect the capture number to be a roughly increasing
function of the size. In our rate equations dealing with the
amount, not the density, the normalized capture number �2
and �3 is in fact the ratio of the capture number of each
precursor or QD to the size. As an approximate result, we
regard the normalized capture numbers as a constant param-
eter. QD nucleation rate � is thermally activated24 with acti-
vation energy being QD formation energy. It is also consid-
ered exponentially depending on the so-called superstress of
the wetting layer, ��−�c� /�c, via QD formation energy.4 Tak-
ing these two aspects into account, we may have

� = �0 exp�−
�c − �

�c

E

kBT
� �4�

with constants �0 and E. The term E��c−�� /�c plays the role
of QD formation energy, whose coverage dependence might
be comprehended by the change of the precursors, e.g.,
higher and/or larger quasi-3D islands at higher coverage.4,27

On a growing 2D strained film such as a wetting layer, it has
been proposed that some mechanisms such as long-range van
der Waals forces28 or nonlinear elastic effects5 act to stabilize
the system, in other words, to suppress the formation of
QD’s as usually observed. These effects can be reflected by a
QD formation energy coefficient E increasing with the
growth rate F. The exact form of E as a function of F is still
unknown but we found that setting it to be 12, 10 and 8 times
that of F=0 for the presently used InAs growth rates 0.065,
0.031, and 0.016 ML/s, respectively, give the best simula-
tion.

To set the initial conditions for QD formation, we con-
sider that the pure 2D wetting layer and adatoms are in dy-
namic equilibrium before the appearance of precursors, i.e.,
dn1 /dt=F−	n1=0 before n2 starts to grow. The growth of
pure 2D wetting layer usually proceeds in a way of forming
large 2D islands. The precursors start to grow probably when
the interaction of those large 2D islands occurs from about
1.4 ML of coverage.23 Accordingly, we set initial n2 to be a
finite small value around 1.4 ML. At the same temperature
and growth rate, results for different InAs coverage are ob-
tained by changing the growth time using Eq. �3� and �4�. In
Fig. 3, the dashed curves show the simulation results at
480 °C and 0.031 ML/s. It is seen that Eq. �3� well de-
scribes the QD formation process both for conventional QD
growth and for postgrowth annealing of a subcritical wetting
layer.

For the QD formation from a subcritical wetting layer, the
matching between the simulation according to Eq. �3� and
the fitting according to Eq. �1� can be understood as follows.
As the InAs wetting layer is growing before 2D–3D transi-
tion, the adatoms firstly decrease very slowly but gradually
faster and the precursors increase rapidly, as shown by the
thick dotted and dashed lines in Fig. 8. In the meantime, the
QD nucleation rate is negligible due to large superstress and
very high QD formation energy, as suggested by Eq. �4�. As
a result, the amount of QD’s is too low to have a visible
effect, as can be expected from the thick solid lines shown in

Fig. 8. It is implied that precursors are formed by consuming
adatoms but without converting into QD’s as the wetting
layer is growing. If the QD formation after growth stop of a
wetting layer is further excluded by setting �=0, it is seen
that n1 decreases steeply and n2 saturates immediately, as
shown by the thin solid lines in Fig. 8. This result enables a
simplified treatment of QD formation from a subcritical wet-
ting layer. We can approximately take n1=0 and n2 being the
saturation value, n2

s , as the initial conditions for QD forma-
tion at F=0. Once InAs deposition is stopped, the precursors
are allowed to convert into QD’s because the QD nucleation
rate � is changed from ignorable to finite due to the decrease
of QD formation energy. The rate equations can thus be writ-
ten as

dn2

dt
= − �n2,

dn3

dt
= �n2. �5�

With a constant �, which is nearly the case for InAs growth
stop before conventional 2D-3D transition, it is straight to
have

n3 = n2
s�1 − e−�t� , �6�

which is the same as Eq. �1�. This explains the nearly iden-
tical curves simulated by Eq. �3� and fitted to Eq. �1�. What
is more important, it indicates that QD’s nucleation in post-
growth annealing of a subcritical wetting layer is the conver-
sion of precursors emerging before growth stop into QD’s.

To analyze the conventional QD formation with InAs
deposition, it is also useful to see the effect of adatoms and
precursors. We note that the simulation is good with �3
=2�2 but poor with �3=0. It means that conventional QD

FIG. 8. Thick curves: time dependence of the amount of ada-
toms n1, precursors n2, and QD’s n3 simulated by using Eqs. �3� and
�4� for 60 s of InAs deposition at growth rate of 0.031 ML/s. Thin-
ner solid curves: the effect of InAs growth stop before 2D-3D tran-
sition without considering QD’s. The parameter values and initial
conditions are the same as those in Fig. 3. Scattered circles show
measured saturation QD’s volume for different InAs growth time.

SONG et al. PHYSICAL REVIEW B 73, 115327 �2006�

115327-6



formation does involve direct consumption of adatoms and
may explain the mismatching of experimental RHEED inten-
sity to Eq. �1�. Although the adatoms are always decreasing,
as shown by the dotted line in Fig. 8, their direct attachment
to QD’s is enhancing due to the rapidly increasing QD’s
volume after 2D-3D transition. On the other hand, QD nucle-
ation from precursors are also important, as can be seen by
comparing n2 and n3 for InAs growth of 60 s shown in Fig.
8. In the final total QD’s volume of 0.37 ML, that from InAs
supplying after 2D-3D transition is about 0.22 ML. The rest
0.15 ML is often termed mass transport from the wetting
layer.27 At the critical point of 53 s, n2 increases to be about
0.15 ML. It is clear that, in our observation range, the often
observed mass transport from the wetting layer during QD’s
formation can be interpreted by the existence of precursors,
which is a part of the entire wetting layer as has been
considered,4 before conventional 2D-3D transition. After
2D-3D transition, the precursors continue forming by captur-
ing adatoms and at the same time converting to QD’s. As the
growth stops, the adatoms soon disappear and only the pre-
cursors are supplying QD’s with materials until they run out,
when the QD’s volume saturates. Therefore, precursors play
an important role in QD formation.

C. Saturation QD’s volume

In Fig. 8, the scattered symbols show the saturation QD’s
volume, which is obtained by calibrating the saturation
RHEED intensity to the data measured by STM. Its agree-
ment with the simulated saturation level of n3 has been
shown in Fig. 3 and can be seen here by comparing to the
saturation level of the thick solid line. In the case of post-
growth annealing of a subcritical wetting layer, the saturation
QD’s volume follows n2

s in Eq. �6�, so that its consistent
behavior with n2 shown here is natural. More importantly,
the exponential coverage dependence of the saturation QD’s
volume seen in Fig. 4 can be understood using the present
model. As has been mentioned, QD’s can be ignored during
the growth of a wetting layer. Consequently, the rate equa-
tions for a subcritical wetting layer can be simplified as

dn1

dt
= F − 	n1 − D�2n2n1,

dn2

dt
= D�2n1n2. �7�

Since the early n1 changes little and n2 is initially small, then
dn2 /dt�D�2F	−1n2 at the early stage of precursors forma-
tion. Approximately it reads the exponential increase of pre-
cursors

n2 � eD�2	−1Ft = eD�2	−1�, �8�

which explains the exponential coverage dependence of the
saturation QD’s volume I0 seen in Fig. 4. Comparing Eq. �8�
to Eq. �2�, the exponential slope �I is proportional to29

D =
kBT

h
e−Es/kBT, �9�

where Es is an energy barrier for adatoms to hopping be-
tween surface sites, kB is the Boltzman constant, and h is the
Planck constant. This relation interprets the temperature de-
pendent slope for the exponential I0 variation with � seen in
Fig. 4, because �I in Fig. 6 can be well fitted by Eq. �9� as
shown by the dashed line. This fitting gives an energy barrier
Es of 0.47 eV. It is somehow different from the values used
in previous theories, 1.04 eV25 and 0.69 eV �8000 K�,4 prob-
ably due to the temperature dependence of the capture num-
ber �2 and attachment rate 	, which have to be taken into
account for a more precise treatment. Meanwhile, no appar-
ent growth rate dependence of �I can be seen from Eqs. �8�
and �9�. This is consistent with our observation as shown in
the inset of Fig. 4.

D. QD nucleation rate

Comparing Eq. �1� with �6�, the QD nucleation rate � is
equivalent to �−1. Based on Eq. �4�, the exponential increase
of �−1 versus � shown in Fig. 5 is understood as the super-
stress dependence of the QD formation energy. Equation �4�
implies that the exponential slope of �−1 versus �, ��, should
be inversely proportional to T. As shown by the solid line in
Fig. 6, �� values up to 480 °C satisfy this relation. From this
comparison, we obtain E=2.0±0.3 eV and further deduce
�0=0.09±0.02 s−1, which are in agreement with the values
used in the above simulations. Note that E is not the QD
formation energy. Taking the superstress into account, the
QD formation energy E��c−�� /�c at the presently observed
lowest coverage is about 0.2 and 2.0 eV for QD formation by
postgrowth annealing of a subcritical wetting layer and in the
conventional case, respectively. However, severe deviation
from Eq. �4� occurs at higher temperatures in Fig. 6. This is
probably caused by the change in QD formation energy due
to possible InAs desorption, which is open to further study.
In addition, Eq. �4� suggests that �� might be growth rate
independent as observed in the inset of Fig. 5.

In the case of conventional QD formation with InAs
deposition, nucleation rate � is not so constant but in average
close to �0 because, at the early stage of QD formation,
whose nucleation rate is decisive, the superstress is near 0.
Around the critical point, the difference of � between differ-
ent growth rates becomes small according to Eq. �9�. This is
the reason why the experimental �−1 for a near critical wet-
ting layer is not so different from the value for ���c, and it
explains the observed almost growth rate independent �−1 for
� around �c seen in the inset of Fig. 5.

IV. SUMMARY

In summary, we studied InAs/GaAs QD’s formation by
postgrowth annealing of a wetting layer thinner than the
critical thickness for 2D-3D growth mode transition.
RHEED is found a powerful tool to quantitatively investigate
QD formation in this case. With postgrowth annealing time,
the total QD’s volume initially increases and finally satu-
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rates, which is well explained by precursors growing during
wetting layer deposition and transforming into nucleated
QD’s after deposition stop, on the basis of a mean-field
theory. Both of the saturation QD’s volume and the QD
nucleation rate depend exponentially on the InAs coverage.
The former shows a thermally activated slope, which follows
the diffusion of adatoms to precursors. The latter is consid-

ered resulting from exponential superstress dependence of
the QD formation energy. Consistently, the above exponen-
tial slopes are almost independent of the wetting layer
growth rate. In conventional InAs/GaAs QD growth, the
precursors emerging before 2D-3D transition are suggested
to be responsible for the usually observed mass transport
from wetting layer to QD’s.
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