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Temperature dependence of the size distribution function of InAs quantum dots on GaAs(001)
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We present a detailed atomic-force-microscopy study of the effect of annealing on InAs/GaAs(001) quantum
dots grown by molecular-beam epitaxy. Samples were grown at a low growth rate at 500 °C with an InAs
coverage slightly greater than critical thickness and subsequently annealed at several temperatures. We find that
immediately quenched samples exhibit a bimodal size distribution with a high density of small dots
(<50 nm®) while annealing at temperatures greater than 420 °C leads to a unimodal size distribution. This
result indicates a coarsening process governing the evolution of the island size distribution function which is
limited by the attachment-detachment of the adatoms at the island boundary. At higher temperatures one cannot
ascribe a single rate-determining step for coarsening because of the increased role of adatom diffusion. How-
ever, for long annealing times at 500 °C the island size distribution is strongly affected by In desorption.
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In recent years, III-V self-assembled quantum dots (QDs)
have been studied extensively for their potential as lasers
emitting at 1.3 um at room temperature with low-threshold
current density,! and single photon emitters for nanophoton-
ics and quantum computing.”> The emission wavelength is
deeply related to the size and shape of QDs; consequently
understanding the evolution of these quantities is of primary
importance, also as regards the possibility of tuning the en-
ergy spectrum of QDs.

It is well known that post-growth heating is responsible
for several processes which influence the size distribution
and the shape of islands, i.e., coarsening, where the larger
islands grow at the expense of the smaller ones which shrink
and disappear, and intermixing with the substrate atoms. The
relative importance of these processes depends on annealing
conditions and initial configuration after deposition. Emis-
sion wavelength tuning and sharpening after annealing have
been proved for InAs QDs grown on both unpatterned and
patterned GaAs(001) substrates;? annealing effects on facet-
ing of QDs have recently been demonstrated for the InAs/
GaAs(001) system.* The study of the evolution of the size
distribution of islands during deposition and post-growth an-
nealing is therefore fundamental for applications and for an
insight into the processes controlling size and uniformity.

In this paper we present an atomic-force-microscopy
(AFM) study of the effect of annealing on InAs/GaAs(001)
quantum dots grown by molecular-beam epitaxy. By measur-
ing the size distribution function of QDs as a function of the
annealing time and temperature we identify the different re-
gimes of coarsening and the mechanisms which govern the
evolution of the size distribution. Thus, the results which we
present in this work provide important insights regarding the
stability of QDs and the physical conditions for narrowing
the island size distribution.

Prior to InAs deposition, a GaAs buffer layer of approxi-
mate thickness 500 nm was grown at 590 °C on the (001)-
oriented substrate, in As, overflow, at a rate of 0.8 um/h.
Once the buffer layer was deposited, the surface was flat-
tened by 30 min post-growth annealing at 660 °C under an
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As, beam equivalent pressure (BEP): 4.0X 107> torr.’> For
all the samples studied, we deposited 1.63 ML of InAs at a
rate of 0.032 ML/s at 500 °C, when a clear ¢(4 X 4) recon-
struction of the GaAs surface was observed. Immediately
after the InAs growth, the samples were annealed under As,
flux (BEP=6.0X 10" Torr) at 420, 460, and 500 °C. For
purposes of comparison, samples without post-growth an-
nealing and immediately quenched after the InAs deposition
were also grown. The reflection high-energy -electron-
diffraction pattern was monitored by a charge-coupled device
camera during growth and annealing. AFM VEECO multi-
probe characterization was performed ex sifu in the tapping
mode by using ultrasharp nonconductive Si tips with a nomi-
nal radius of about 2 nm.

Figure 1 shows five representative AFM topographies of
1.63 ML of InAs deposited on the GaAs(001) surface: (a)
after prompt quenching, (b) after annealing at 420 °C for 30
min, (c¢) at 460 °C for 30 min, (d) at 500 °C for 5 min, and
finally (e) at 500 °C for 30 min. Panel (a) shows the pres-
ence of small and large QDs, the former having a height and
lateral dimensions ranging from 0.6 to 1.5 nm and from 10 to
20 nm, respectively, the latter having a height larger than 2
nm and lateral dimensions ranging from 20 to 30 nm. Facet-
ing and aspect ratio (AR) of the large islands are compatible
with a pyramid shape with {137} facets—apart from the
sample with no annealing where {136} facets are found as
well*—while small islands are, in effect, unfaceted.®’

Recent experimental papers®® have suggested that, for an-
nealing temperatures ranging from 440 to 475 °C, coarsen-
ing of QDs in the InAs/GaAs(001) system is an Ostwald
ripening (OR), where the process is limited by atom
attachment/detachment at the dot edges. Our results summa-
rized in Table I corroborate the hypothesis of coarsening: the
mean volume of QDs increases and their density decreases as
a function of temperature and of annealing time. Nonethe-
less, we will show below that other mechanisms are acting
besides coarsening.

The OR theory describes a process in which islands are
immobile but adatoms move to and from islands. The driving
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FIG. 1. (Color online) AFM topographies (600X 600 nm?) of
1.63 ML of InAs deposited on the GaAs(001) surface: (a) after
prompt quenching, (b) after annealing at 420 °C for 30 min, (c) at
460 °C for 30 min, (d) at 500 °C for 5 min, and (e) at 500 °C for
30 min. The inset shows a slope image of the selected area (80
X 80 nm?) of panel (e) and the color scale corresponds to the local
surface slope with respect to the substrate plane.

force for the growth originates from the adatoms’ concentra-
tion gradients around the islands, where the adatoms detach-
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Also in this case C’ is a normalization constant.

In order to describe our results within the theoretical
framework of OR, a set of histograms has been created as a
function of V'3 [Figs. 2(a)-2(e)]. To produce the size distri-
butions, several AFM images (300X 300 nm?) representa-
tive of the surface have been analyzed for each sample. The
total number of dots ranged from 300 to 500 depending on
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TABLE I. Statistical analysis of the volume distribution of QDs:
mean volume ((V)), standard deviation of the normalized distribu-
tion (oy/(V)), number density (p), and total volume contained in
QDs (Vy).

v p Vi
Annealing (nm?)  oy/ (V)  (em™?) (ML)
None 148 0.79 5.8x 10 0.29
30 min-420 °C 143 0.69 6.0x 10 0.29
30 min-460 °C 269 0.56 5.4x100 048
5 min-500 °C 491 0.35 1.8 10  0.30
30 min-500 °C 861 0.67 6.7X10° 0.19
30 min-500 °C-no platelets 1421 0.34 3.9%x10°  0.19

ment from the islands obeys the Gibbs-Thomson equation.
Thus, it is possible to define a critical radius R, such that the
detachment probability of adatoms from islands with radius
R <R, is much larger than from islands with radius R>R,.'°
Moreover, the OR theory predicts that the island size distri-
bution function, f(R,1), is asymptoptically time independent
and can be expressed in a scale invariant form f(x), where
x=R/R,.. The kinetics of OR is usually discussed in two lim-
iting cases depending on two rate-determining processes:
diffusion-limited (DL) and attachment-detachment-limited
(ADL). The former is the OR process described above. The
latter, in which the processes at the islands’ edge limit the
kinetics, also called reaction limited, is characterized by a
chemical-potential constant among the islands and discon-
tinuous at the island edges. The invariant distribution func-
tion is obtained from the solution of the continuity equation.
For the two-dimensional DL case'! it yields

(1)

=
\Y,
Wik WA

the QDs density. In order to compare the theoretical distri-
bution functions [Egs. (1) and (2)] to the experimental histo-
grams, the former have been standardized, i.e..: [;f(x)dx
=1, and [jxf(x)dx=1, the latter have been plotted against the
scaled variable x=V"3/(V'3) and normalized to unity. The
resulted histograms are shown in Figs. 2(f)-2(j) and, from
now on, they will be addressed as standardized distributions
(SD).

The bimodal distribution of dots shown in Figs. 2(a) and
2(f) (no annealing) has been reported several times.'3-1® We
should stress that a similar scenario has been observed dur-
ing the growth of Ge on Si(001).”'"-!° For the case of Ge/
Si(001) system, Ross et al.'® have provided a theoretical ex-
planation in which the occurrence of a shape transition is
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FIG. 2. (Color online) [(a)—(e)]: V'3 histograms as a function of
annealing temperature and time. Panel (a) is superimposed to (b) for
comparison. [(f)—(j)]: corresponding experimental standardized dis-
tribution of (a)—(e) plotted as a function of the scaling variable x
=V'3/(V"3). The theoretical scaling functions fsp; (x) (continuous
line) and fp; (x) (dashed line) are reported for comparison. In panel
2(e) the distribution at low volume refers to flat platelets (see text).

accompanied by a sudden reduction in the chemical potential
and gives rise to anomalous ripening and the development of
a bimodal distribution of sizes. Our findings reinforce the
analogy between the two model systems.

The size distributions after annealing, shown in Figs.
2(b)-2(d) and 2(g)-2(i), are unimodal. In particular, Figs.
2(b)-2(d) display a mean value which increases with increas-
ing temperature, a trend suggesting that coarsening must
have occurred. In Fig. 2(e) we observe the unexpected reap-
pearance of a bimodal distribution. This effect can be clari-
fied after a careful analysis of the AFM topographies such as
the one reported in Fig. 3. It is evident that small islands turn
out to be flat platelets ~1 ML high. A likely interpretation is
that either they are remnants of the coarsening process,
where QDs have shrunk in favor of the larger ones [a similar
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FIG. 3. (Color online) 600 X 600 nm?> AFM topography after 30
min of annealing at 500 °C. Lower panels show profiles of large
quantum dots (left panel) and flat platelets (right panel).

effect has been observed on the Ge/Si(001) system®°] or sim-
ply have evaporated?! (see discussion below). For this reason
in Fig. 2(j) only the distribution at large V'3 has been taken
into account and the platelets have been excluded from the
statistical analysis.

Although the change from a bimodal [Figs. 2(a) and 2(f)]
to unimodal [Figs. 2(b)-2(e) and 2(g)-2(j)] QDs size distri-
bution demonstrates that a coarsening process is underway, it
is not the only process even at the lowest annealing tempera-
ture of 420 °C. In Fig. 2(b) we have superimposed, for a
direct comparison, the distribution of Fig. 2(a) (black empty
histogram) to the distribution obtained after annealing at
420 °C. It is evident that, not only do the smaller QDs dis-
solve in favor of the larger ones (as expected for a standard
coarsening process) but, because of the elastic barrier due to
strain at the island edges, also the largest QDs lose atoms
making the distribution more symmetrical in a kind of self-
sizing process.?? This latter statement is corroborated by the
fact that, after annealing, the transition from {136} facets to
{137} facets, is accompanied by a reduction in the respective
volume of the QDs.* In Fig. 2(g) the sample annealed at T
=420 °C exhibits a broad and unimodal SD which does not
differ significantly from the theoretical curve described by
Eq. (2) (continuous line). The small change in the SD ob-
served is ascribed to the self-sizing process cited above,
which makes the SD quite symmetric. In fact, its skewness is
almost zero [Skw(420)=-0.08] and much greater than that of
the theoretical scaling function [Skw(fapr)=-0.43].

After annealing at 460 °C the size distribution function
[Fig. 2(c)] is modified: The volume mean value increases,
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the distribution shows a clear reduction in the standard de-
viation, becomes more asymmetric, and the QDs density de-
creases of about 10% (Table I). This is evidence of a coars-
ening process occurring on the surface. On the other hand, in
Fig. 2(h) the SD is plotted along with the theoretical func-
tions fapy(x) (continuous line) and fp; (x) (dashed line). Nei-
ther fup(x) nor fp; (x) describe the SD. A discussion about
the applicability of Egs. (1) and (2) as descriptions of the
Ostwald ripening is therefore necessary. Both theories are
correct for an infinitely dilute distribution of islands and do
not take into account competitive effects on the growth pro-
cess. Several attempts to include these effects have been
made leading to a broadening of the distribution and to a
shift of its maximum to higher values of x.>?* A large island,
for example, grows faster when surrounded by smaller is-
lands than when surrounded by islands of similar size. Actu-
ally, these correlations act to spread the distribution function,
contrary to our experimental observations [see the evolution
from Figs. 2(h)-2(j)]. More important for the system under
study, standard OR models are based on the assumption that
the total volume of the islands is constant, i.e., they hold only
for conservative system, while it is well known?-2? that in
the InAs/GaAs(001) system an important mass transfer to the
QDs from both the wetting layer (WL) and the substrate
occurs for temperature =450 °C, contributing to the total
volume contained in QDs. Moreover, also at 460 °C the self-
sizing process cited above contributes to filling in the distri-
bution around the mean value. Therefore, in view of these
facts, it is not surprising to find poor agreement between
theory and experiment in Fig. 2(h).

At 500 °C the annealing time becomes crucial. Within the
first five minutes, with respect to the sample with no anneal-
ing, we observe an increase in the mean volume of QDs, a
reduction in their number density but, particularly important
here, the total volume contained in the QDs remains constant
(Table I). These facts indicate that coarsening is faster than
WL and substrate erosion.”” As far as the moments of the SD
are concerned, the comparison with the 460 °C data evi-
dences a reduction in both the standard deviation (Table I),
and the skewness [from Skw(460)=-0.44 to Skw(500,5)=
—0.66]. All these observations justify the comparison be-
tween experimental and theoretical SDs: The inspection of
Fig. 2(i) suggests that the DL theory explains better the ex-
perimental SD than the ADL theory.>® A change from ADL to
DL kinetics implies higher-energy barriers for monomer dif-
fusion among the islands. As a matter of fact, the calculated
diffusion coefficient of In is much lower on GaAs surface
than on strained InAs/GaAs surface.?!32 So, the interdiffu-
sion process, which increases the surface Ga concentration at
500 °C,?* reducing the strain, is responsible for such in-
crease in the barrier energies. Unfortunately, reliable theoret-
ical calculations which corroborate our discussion are at
present not available.

Annealing the sample for 30 min does not change the
standard deviation further but determines a clear reduction in
the total volume contained in QDs (Table I) and reincreases
the skewness [Skw(500,30)=-0.27] of the SD which be-
comes more symmetrical [see Fig. 2(j)]. By considering the
reduction in the total volume Vr contained in QDs the OR
theory is not applicable and the SD is probably the result of
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FIG. 4. (Color online) Average QD aspect ratio vs mean volume
at 500 °C as a function of the annealing time.

the competition between coarsening, WL/substrate erosion
and desorption. In addition, a sharp reduction in the AR of
QDs is observed, as illustrated in Fig. 4. Similar results have
been obtained on SiGe/Si(001) where a drop of the aspect
ratio, driven by Si-Ge interdiffusion, was ascribed to a QDs
shape transition from dome to pyramid.>* Although our AFM
images prevent us fixing the exact shape of QDs, the slope
image shows that the large dots in Fig. 1(e) are flat on their
top (see the inset in Fig. 1). In Ref. 4 it was shown that,
besides a considerable increase in QDs’ mean volume, after
30 min of annealing at 500 °C, the AR decreases and the
QDs shape changes from pyramid to a truncated pyramid or
flat dome (see also Fig. 3 of Ref. 4). These results do not
conflict with experimental findings in the literature,®’-3
where an AR increase follows the transition from pyramid to
dome. In fact, because of the long period of annealing at
500 °C, significant In desorption and In-Ga intermixing be-
tween the islands and the substrate might have been occurred
so increasing the Ga concentration in QDs and flattening the
QDs shape, as predicted by theory.®

The QDs evolution at 500 °C provides a rough estimate
of the time scale of the extra processes besides coarsening
given the variation of the island density p, the total volume
contained in QDs Vi, and the QDs aspect ratio, relative to
the unannealed sample. p is reduced by ~69% and ~93%
after 5 and 30 min annealing, respectively, while V; and AR
remain, in fact, constant after 5 min of annealing but undergo
a huge reduction (~35% for V) after 30 min of annealing
(see Table I). All these facts imply that the effects of desorp-
tion on QDs at 7=500 °C are remarkable only for long an-
nealing times®® as further evidenced by the reported dissolu-
tion of QDs occurring at high temperatures.®?! In addition,
the larger evaporation rate of the small dots makes the SD
more symmetric as substantiated by the analysis of the skew-
ness [from  Skw(500,5)=-0.66 to  Skw(500,30)
=-0.27].

In conclusion, we have studied by means of atomic-force
microscopy the after-growth evolution of the size distribu-
tion function of InAs/GaAs(001) quantum dots grown by
molecular-beam epitaxy. The results clearly indicate that the
evolution of the size distributions can be understood within
the framework of the Ostwald ripening theory provided the
total island volume is conserved. We have found that after 30
min of annealing at 7=420 °C experimental data are fitted
by the theory in the limit of attachment-detachment rate de-
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termining step. By increasing the temperature of annealing at
T=460 °C the WL/substrate erosion becomes progressively
more important and concurrent with the coarsening process:
after 30 min of annealing time the system is no longer con-
servative and the OR theory is not applicable. Nonetheless,
for short annealing time (5 min) at T=500 °C, the total vol-
ume of islands is conserved and the experiment is well de-
scribed by the OR theory when the rate-determining process
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is diffusion. This implies higher-energy barriers for monomer
diffusion with respect to the annealing at 7=420 °C. Finally,
for annealing longer than 5 min the islands’ size distribution
is the result of the competition between coarsening, intermix-
ing and In desorption.
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