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We report the systematic investigation of ripening of CdSe self-assembled quantum dots (QDs
ZnSe. We investigate the size and density of the QDs as a function of time after deposition of C
has stopped. The dynamics of the ripening process is interpreted in terms of the theory of Ost
ripening. Furthermore, the experimental results allow us to identify the growth mode of the
formation process. [S0031-9007(98)07378-5]

PACS numbers: 68.65.+g, 73.61.Ga, 78.66.Hf, 81.10.Aj
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Semiconductor quantum dot (QD) structures, wi
atomiclike discrete energy states, hold promise of nov
optical and electronic device applications [1]. As a
alternative to lithographic methods, QDs can be fab
cated by the process of spontaneous self-assembled is
formation driven by lattice mismatch between the Q
material and the substrate. Such self-assembled QD
mation is now well established in group IV, III-V [1], and
more recently also in II-VI semiconductors [2,3], both b
molecular beam epitaxy (MBE) and metal-organic chem
cal vapor deposition (MOCVD) growth methods. Whil
there is considerable phenomenological experience in
growth of such QDs, many aspects of the mechanis
responsible for their formation still remain unknown.

One of the important open issues regarding the mec
nism of self-assembly of the QDs concerns the stabil
of islands after the growth has stopped. Equilibriu
calculations predict that the island stability depends
the amount of deposited material [4,5]: while there ex
surface coverage windows where stable (nonripenin
QDs may form, for sufficiently large coverages the islan
will always undergo morphological changes with time
known as Ostwald ripening (OR) [6,7].

While theoretical equilibrium approaches can pred
the onset of ripening [5], they cannot give informatio
about its inherently nonequilibrium nature. To be sur
the theory of OR is rather well developed and understo
[6,7], but little is known about the influence of strain [7],
factor of paramount importance for self-assembling QD
Thus any information about the dynamics of the ripenin
process in QDs contributes not only to our understand
of the dot formation, but provides important insights int
the fundamental questions of stability in strained nanosc
systems.

In this paper we report the systematic investigatio
of ripening of CdSe QDs on ZnSe [8]. This system
manifests the ripening process in a striking way, at
rate and a scale that is particularly convenient to follo
by atomic-force microscopy (AFM) measurements—a
thus constitutes an ideal “laboratory” for investigatin
the issues of QD stability generally. Specifically, w
investigate the properties of the CdSe islands (such as t
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density and size) as a function of time [9] after depositio
has been stopped. We find that strain is responsible
the remarkable uniformity of the island sizes at the en
of the deposition process. However, despite the know
effect of strain in stabilizing the size of the QDs, w
will show that the dynamics of the morphological change
which occur in CdSe QDs after growth is well describe
by the Ostwald ripening process [6]. Furthermore, th
experimental results allow us to identify the nature of th
equilibrium growth mode characterizing the QD formatio
process.

CdSe dots on ZnSe were fabricated in a Riber 32 R&
MBE machine equipped with elemental sources. A ZnS
buffer was first grown at 300±C on (100) GaAs substrates
to a thickness of approximately2 mm. During the ZnSe
growth, the reflection high energy electron diffractio
(RHEED) pattern showed a streaky2 3 1 reconstruction,
with no evidence of transmission spots. The CdSe d
were typically grown at 370±C and at a growth rate of
0.025 monolayerys (MLys). This slow rate was chosen
so as to be as close as possible to equilibrium conditio
With such slow growth rate, we were also able to monit
the RHEED pattern very closely during CdSe depositio
After deposition of 2.5 to 3.0 ML of CdSe, we observe
a clear transformation of the RHEED pattern from strea
to spotty, indicative of a transition from a 2D growth
mode to the onset of island formation.

The uncapped samples were examined by AFM imm
diately (typically within one hour) after they were take
out from the MBE chamber, so as to minimize the effe
of exposure to the atmosphere. Figure 1(a) is a top AF
view taken immediately after growth for the case of 3 M
of CdSe deposited on ZnSe. The image was taken a
phase image of the AFM tapping mode, so as to optimi
the contrast between the islands and the background.
micrograph clearly shows circular islands with a reaso
ably uniform island size. The QD density obtained b
deposition of 3 ML of CdSe is about 20 dots permm2,
corresponding to the value of2 3 109 cm22.

In order to study the stability of CdSe dots, we mad
repeated AFM scans of the same specimen at differ
times after growth, shown in the sequence of imag
© 1998 The American Physical Society 3479
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FIG. 1. Successive AFM images taken of CdSe QDs on ZnS
showing the process of ripening. Scan (a) is taken immediate
(within 1 hour) after taking the sample out of the growth
chamber. Scans (b)–(d) are of the same region of the sam
taken 24, 72, and 120 h after the sample was removed.

in Fig. 1(b)–1(d). Scans 1(b)–1(d), showing the sam
region of the sample, were taken 1, 3, and 5 days af
growth. As is clear from the figure, the dots evolve in siz
as time progresses, without moving their original position
on the substrate. The fact that we observe some d
that clearlygrow in size is strongly suggestive of Ostwald
ripening [6] at room temperature.

Changes in the island volumes are often accomp
nied by modifications in the island shape as well. In
deed, ripening in the GeySi system is accompanied by a
morphological transition from smallpyramidal islands to
largerdomes,complicating the interpretation of the ripen-
ing process [10]. In the case of CdSe QDs, howeve
measurements at different stages of the ripening proc
indicate that the height-to-diameter ratio has an appro
mately constant value of 0.54 [11]; and, most importan
we do not observe any morphological transitions durin
the ripening—the CdSe islands grow uniformly, keepin
their shape unchanged [see Fig. 2(a)].

The behavior of CdSe QD size as a function of time
illustrated in Fig. 2(b), obtained as follows. In a given
field of view, we picked individual dots and followed
their size with time [as illustrated for a particular do
in Fig. 2(a)]. Note that the largest QDs (circles in th
figure) continue to grow, the smallest (triangles) quickl
disappear, and intermediate dots keep growing as lo
as there are smaller dots around; when those latter d
disappear, the intermediate dots become the small
remaining size, and they are “consumed” eventually b
the larger dots. Qualitatively, the behavior documente
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FIG. 2. (a) Time evolution of the profile of one individual do
over a period of 20 days. Note that the shape does not cha
(b) Time dependence of dot diameter for dots of various siz
Note that largest dots continue to grow, while the smalle
dots disappear. (c) Self-similarity of the data from (b) aft
rescaling, as discussed in the text.

by Fig. 2 is fully consistent with the predictions of OR
large islands grow by accumulation of material from
smaller islands, diffused along the substrate.

Classical Ostwald ripening predicts that the ripenin
process is scale-free and self-similar. This means that
curves of Fig. 2(b) can be described by the same functi
and an appropriate rescaling of time and island s
should collapse them into a single curve. Indeed, denot
by tmax the time whenDstd reaches its maximum, and
by Dmax the diameterDstmaxd, plotting (DyDmax) as a
function of (tytmax) provides an excellent data collapse
as shown in Fig. 2(c).

To further quantify the dynamics of the observed ripe
ing process, we investigated the island density,r, as a
function of time. During ripening the uncapped CdSe do
undergo two changes: the total density of the QDs clea
decreases, and their size distribution broadens. Figur
shows the dependence of the dot density on time (lo
log scale). The mean field theory of OR predicts that t
time dependence of the average radius of the islands
served at a given time,Rstd, depends on the mechanism
of mass transport between the islands. In particular, if t
process limiting the growth is surface diffusion, one find
that the average island size increases asRstd , t1y4 for
large t. However, if the limiting factor for mass transfe
involves a kinetic surface barrier for the atom to deta
from the edge of the island, one then obtainsR , t1y3.
Both results are for three-dimensional islands growing
a two-dimensional substrate [6]. Assuming that there
no evaporation (i.e., that atoms do not leave the su
strate, but only diffuse along its surface), the total mass
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FIG. 3. Dependence of dot density on time due to ripenin
shown on a log-log scale. The continuous fit has a slo
of 21.0.

conserved, i.e.,Vrstd ­ const, whereV std is the average
volume of the islands at timet. Since the islands are three
dimensional and have a constant aspect ratio and the rip
ing process is self-similar, we then haveV std , Rstd3, i.e.,
rstd . constRstd23. This in turn givesrstd , t23y4 for
the diffusion-limited ripening process, andrstd , t21 for
interface-transfer-mediated growth. As Fig. 3 illustrate
predictionrstd , t21 offers an excellent fit to the results
observed on the CdSeyZnSe system.

The agreement between mean field predictions of t
OR and the observed ripening of CdSe QDs raises
important question regarding the mechanism of isla
formation. Both equilibrium and nonequilibrium theorie
predict that the origin of the striking size uniformity of the
QDs obtained by heteroepitaxial growth (in contrast wi
homoepitaxial island formation [12]) lies in the influenc
of strain on the growth process. In particular, eve
when we limit ourselves to purely dynamical processe
it is expected that strain will affect the attachmen
detachment process at the edges of the islands, t
biasing adatom diffusion away from the islands [7,13].
would therefore not be at all surprising if the ripening o
QDs didnot follow the predictions of classical OR, since
strain might change the universality class of the ripenin
process. However, in the case of CdSe QDs we find th
ripeningdoesfollow the OR predictions, indicating that—
while strain plays a crucial role in developing the siz
uniformity of the islands at the earliest stages of islan
formation—its importance is overshadowed by dynamic
effects that dominate during ripening.

There is yet another feature of considerable importan
that emerges from Fig. 2(b). It is clear that, even if th
AFM images are taken within minutes after the CdS
dots are removed from the growth chamber, the do
will have already had some time to ripen in the chamb
before they are taken out. It is evident, however, th
all trends displayed in Fig. 2 can be extrapolated bac
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converging at approximately one value of the diame
[14]. This strongly suggests that the CdSe dots are rea
quite uniform at the moment of formation.

The above observation allows us to identify the grow
regime in which the self-assembled QDs are formed in t
CdSeyZnSe system, in light of the equilibrium theorie
of growth [5]. The equilibrium calculation predicts thre
main growth modes that allow island formation: th
Stranski-Krastanow (SK) growth mode, in which stab
islands coexist with a wetting film [15]; the Volmer
Weber (VW) regime, in which stable islands grow direct
on the substrate; and a ripening mode. Our resu
demonstrating that CdSeyZnSe islands begin to form only
after the deposition of 2.5 to 3.0 ML of CdSe, clearl
argue for the formation of a CdSe wetting layer [16
thus excluding the VW growth mode, and since th
islands which we observe are not stable in time, the S
mode—as defined in Refs. [4,5]—can be excluded
well. Rather, our experimental results indicate a dire
transition from the wetting film to islands that ripen
a transition that is predicted by the equilibrium growt
theory labeled as “regime I” in Ref. [5].

Having made this conclusion, the remarkable unifo
mity of the islands at the end of the growth process [s
Fig. 2(b)] may at first be puzzling. A closer look at th
equilibrium theory indicates, however, that such unifo
mity at the transition from 2D growth to ripening is indee
to be expected. The stability of the islands against ripe
ing is determined by the minimum of thefree energy per
atom. If the minimum is at some finite volume, the finite
islands are stable and the system will not undergo ripe
ing. If the minimum corresponds toV ­ `, ripening will
take place. The dynamics of the island growth, howev
depends on thetotal energyof a particular island, shown
in Fig. 4. It can be seen that for large volumes the to
energy decreases monotonically. To create an island,
one has to overcome the nucleation barrier atVc. Since
beyond the barrier the energy of the island is lower, t
island will increase its size. If there were no metastab
minimum after the energy barrier (see the dotted li
in Fig. 4), islands would grow indefinitely; i.e., ripening
would take place. However, a metastable minimum in t
free energy function (atV1 in Fig. 4) modifies the growth
process (without modifying the equilibrium state of th
system) by temporarily trapping the islands. The nuc
ated islands are small, and—in order to ripen—they mu
escape from the metastable state. The free energy of
strained QD system [5] indeed does predict the existen
of such a metastable minimum at the 2D-to-ripening tra
sition, which can explain the qualitative features of o
experimental results. Until a critical thickness is reach
(which is estimated to be aboutHc . 2.5 to 3.0 ML),
no island formation is observed, all deposited atoms co
tributing to the wetting film. However, atHc the system
becomes unstable against island formation, and QDs
gin to form. If there were no metastable minimum, th
islands would ripen as soon as they form, leading to
3481
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FIG. 4. Schematic illustration of the free energy of an islan
as a function of island volumeV . The dotted line indicates the
total free energy of strain-free island nucleation.

rather wide island size distribution even nearHc —a be-
havior that is not observed.

We conclude therefore that, after they form, the island
are trapped by the metastable minimum where they all ha
the same volumeV1. This explains the remarkable size
uniformity of the islands when their size is extrapolate
back to the end of the growth process (or the beginnin
of ripening), as seen in Fig. 2(b). The islands cannot sta
ripening until mass fluctuations in the system (driven b
surface diffusion) allow them to overcome the energy ba
rier at volumeV1. Thus the islands escape the metastab
minimum one by one, after which they undergo the norma
process of ripening, moving down on the free energy curv
[17]. Note that—while the existence of the metastabl
minimum is a direct consequence of the specific strain
the system—the asymptotic form of the free energy curv
for V ! ` is independentof strain. Once the islands es-
cape the metastable minimum, their ripening is expecte
to follow the dynamics predicted by the classical theor
of OR; i.e., it is independent of strain. This explains th
excellent agreement between the experimental results a
OR, as shown in Fig. 2(c).
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