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Self-Assembly of Quantum-Dot Molecules: Heterogeneous Nucleation
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We report on the formation of clusters of self-assembled quantum dots (termed quantum-dot
molecules). Each cluster, typically consisting of four closely spaced SiGe islands, is formed by
preferential nucleation around the edges of square pits. Uniform-sized pits are directly formed
by controlled deposition of Si and C on the initial Si(100) surface, followed by the growth of
a thin Si buffer layer. Formation ofh105j pit walls as precursors to island formation and elastic
relaxation effects near the pits appear to influence island nucleation. Quantum-dot molecules may have
potential applications in nanoelectronic devices and may exhibit novel electronic and optical properties.
[S0031-9007(98)06938-5]
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Quantum dots are zero-dimensional structures that
fer a pathway for tuning the physical, electronic, and op
cal properties of materials by controlling their size. The
quantum dots (also referred to as “artificial atoms”) hav
been fabricated using a variety of techniques, from s
ute precipitation [1] to epitaxial growth [2]. In particular
islands formed during epitaxial growth [3–5] (or annea
ing [6]) of lattice-mismatched semiconductors (e.g., GeySi,
InAsyGaAs) have been observed to have a very unifor
size [7] and have been used for the direct fabrication
quantum dots [2]. For optical applications, an ensemb
of uniform sized, but randomly distributed dots may b
adequate; however, for most electronics applications
more controlled spatial arrangement would seem to
required. One such application is the quantum cellular a
tomata (QCA) [8], a transistorless approach to compu
tion, that offers an alternative to the field-effect transist
(FET)-based paradigm [9]. The simplest QCA cell con
sists of four coupled (by tunneling) quantum dots, whe
each cell interacts with its neighbor (through Coulom
forces) to perform interconnect or logic functions [8]. I
addition to their application in computation, groups o
coupled quantum dots are expected to produce molecu
like electronic states that may show unique optical pro
erties. While some attempts have been made at spa
ordering of quantum dots using preferential nucleation
special sites, e.g., lithographically etched ridges and p
or naturally formed ledges [10], techniques for the fabr
cation of assemblies of coupled dots has remained a ma
challenge.

We report on the self-assembled formation of close
spaced SiGe quantum dots (“quantum-dot molecule
by heterogeneous nucleation of defect-free islands n
,100 nm scale pits. An intriguing microstructure con
sisting of “cells” of coherent islands is observed to form
along the four edges of square pits. The pits themselv
are created by direct epitaxial growth on Si(100) su
faces and involve controlled Si and C depositions. Fu
damental aspects of nucleation, including reorientation
0031-9007y98y81(7)y1473(4)$15.00
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the pits and strain relaxation of islands, are elaborated
our study.

Experiments were performed in a Riber molecul
beam epitaxy (MBE) system with base pressure,5 3

10210 mbar. Si(100) substrates (oriented to better th
60.5±) were degreased and chemically cleaned pr
to loading into the MBE chamber. After outgassin
overnight at200 ±C, samples were heated to,925 ±C to
desorb the oxide layer. A low flux of Si was deposite
during the oxide desorption process to obtain a smo
surface. Sharps2 3 1d reconstruction patterns, consisten
with the structure of clean Si(100) surfaces, were typica
observed using reflection high energy electron diffracti
(RHEED). Compact electron beam sources were us
to deposit Si and C, calibrated at rates of,0.2 and
0.01 nmymin, respectively. Germanium was deposite
from a calibrated pyrolitic boron nitride Knudsen sourc
at a rate of0.15 nmymin.

A typical experiment consisted of the following step
After the oxide desorption process was completed,
and Si were codeposited for 2–3 min on the clean
surface at,925 ±C. The sample was then cooled t
550 ±C and a thin Si buffer layer (,12 15 nm thick) was
grown. The surface showed a sharps2 3 1d RHEED
pattern at the completion of the buffer layer growth
The SiGe alloy (nominal composition40% 6 10% Ge)
was subsequently deposited at various temperatures
tween600 700 ±C until the RHEED pattern indicated 3D
growth. All samples were analyzedex situusing atomic
force microscopy (AFM). Several samples were also an
lyzed by plan-view and cross-sectional transmission el
tron microscopy (TEM).

Figures 1(a) and 1(b) show AFM images (from two di
ferent samples) of a Si(100) surface after the deposition
,3 4 nm of SiGe at650 ±C. An intriguing microstructure
consisting of cells of closely spaced (2 5 nm apart) SiGe
islands are seen to form in the vicinity of the pits. Th
individual islands as well as the edges of the pit are o
ented alongk100l directions. Figure 1(c) shows an AFM
© 1998 The American Physical Society 1473
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FIG. 1. Images of SiGe quantum dots at,650 ±C. (a)
and (b) AFM images of the dots,2 mm 3 2 mm scan area,
(c) sectional view showing theh105j facet being continuous
with the pit wall, and (d) TEM dark-field image showing the
strained and defect-free nature of the dots.
1474
section analysis (along ak100l direction) across three
adjacent cells from a region of Fig. 1(b). An interesting
observation is thateach island facet is continuous with
the pit wall and makes a,11± angle with a horizontal,
consistent withh105j type faceting seen in the Si-Ge
system [5,6]. Figure 1(d) is a plan-view TEM of the
islands taken under two-beam dark-field conditions.
is seen that the islands are coherently strained to th
substrate and are defect-free, as also confirmed by wea
beam dark-field images.

Figure 2(a) is an AFM image showing the surface
morphology of a Si buffer layer grown after the initial
deposition of Si and C on the original substrate. A
high density of square pits is observed on the surfac
The interesting point to note is that the pit edges ar
oriented along ak110l direction, unlike pits seen after the
deposition of SiGe; more details on this pit “reorientation”
effect are given later. A sectional analysis along thek100l
pit diagonal is shown in Fig. 2(b). It is noted that the
pit walls vary smoothly (no obvious faceting) along the
growth direction and appear different from the sectiona
view of the SiGe covered pits seen in Fig. 1(c).

FIG. 2. Images of self-organized pits formed after controlled
C and Si deposition on a Si surface. (a) AFM image,2 mm 3
2 mm scan area, and (b) sectional view showing a smooth
varying facet wall.
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Figure 3(a) is an AFM image of a surface formed afte
,3 4 nm growth of SiGe at600 ±C, where the growth
was ceased before RHEED indicated island formatio
It is noted in Fig. 3(a) that well formed, square shape
pits are uniformly distributed on the surface. The pi
are again oriented along thek100l directions, similar to
the pits seen in Fig. 1. A section analysis across tw
pits shown in Fig. 3(b) indicates thath105j facets have
already formed along the pit walls, even before islan
nucleation has taken place. In addition, regions near
pits [Fig. 3(a)] show small mounds possibly associate
with the initial stages of island formation.

Figure 4 shows an AFM image of SiGe deposited
700 ±C where the growth was stopped immediately aft
the RHEED pattern indicated island formation. The tot
coverage at that time was, 2 nm. Several points are
noteworthy. First, the pit shape and the alignment of SiG
islands along the pits is different from that found durin
growth at 650 ±C. Unlike the well-defined square pits
with four islands each seen in Fig. 1, the microstructu
in Fig. 4 shows pits that are more rounded or “octagona
rather than square shaped and typically have six to ei
islands per pit. The islands themselves are square-ba
prisms.

FIG. 3. Incipient stages of nucleation of SiGe dots. (a) AFM
image s2 mm 3 2 mmd showing well formed pits and
(b) sectional view showing that the facet walls have develop
into h105j type facets.
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We discuss first the formation of uniform-sized (an
uniform-shaped) pits on the Si(100) surface. It has be
proposed previously [11] that the presence of nanom
ter scale coherent SiC particles (formed duringin situ ox-
ide desorption) on the Si surface, in conjunction with th
growth of a thin Si buffer layer, can lead to the formation
of pits of the surface. In the present work, we intention
ally deposit a fractional monolayer of C on the Si surfac
immediately following oxide desorption to create a hig
density of SiC particles. The subsequent growth of a th
Si buffer layer naturally leads to a much higher densit
of surface pits. The mechanism for the formation of pit
is thought to be as follows [11]. When Si is deposite
on a surface with coherent SiC precipitates, the large la
tice mismatch and difference in surface energy between
and SiC cause most of the arriving Si adatoms to diffus
away from the precipitates, resulting in the formation o
pits. The excess surface energy created by the pit wa
is initially stabilized by the strain energy associated wit
heteroepitaxy of Si on SiC. With increasing buffer laye
thickness, the strain energy density decreases, and the
gradually fills in. In the present experiment, however, w
are interested in the growth of a thin buffer layer to sta
bilize the pits. In principle, the pit dimensions can b
controlled by varying the buffer layer thickness.

The preferential nucleation of SiGe islands along th
four edges of the pits is intriguing from several perspe
tives. First, strained islands nucleating in close proxim
ity to each other would normally be considered unusu
since the local elastic strain energy increases. Noneth
less, the presence of a pit obviously influences the nuc
ation behavior to allow for the formation of quantum-do
molecules. Second, ideas based on classical nucleat
would predict that the pit corners would be the preferre
sites for nucleation [12] rather than pit edges, as observ
here. How do we explain the observed nucleation patter

FIG. 4. AFM imaging s2 mm 3 2 mmd of SiGe island nu-
cleation at700 ±C. Note that the pits are more octagonal rathe
than square shaped, and that there are typically six to eig
islands per pit.
1475
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FIG. 5. Schematic depiction (top and sectional view) of th
microstructural evolution of the surface during SiGe depositio
(a) Pits on the Si(100) surface and nucleation of SiGe at bott
of pit; (b) and (c) initial stages of SiGe growth and the p
“reorientation” effect; and (d) island formation and final surfac
morphology.

Finally, we also need to explain why the pit orientation
appear different on the Si surface compared to that on
SiGe film.

The following model, described in the schematic o
Fig. 5, possibly explains our observations. During th
initial stages of SiGe deposition the adatoms are like
to attach near the bottom of the pit, as expected fro
classical nucleation [12], as shown in Fig. 5(a). Surfa
energy effects are typically more important than strain e
ergy effects at initial stages of nucleation. The next stag
i.e., growth, may, however, be dominated by strain ener
relaxation. Consequently, the SiGe adatoms attach pr
erentially at the corners of the pits, as shown schema
cally in Fig. 5(b). There is experimental evidence for th
behavior from previous work on GeySis110d [11]. Con-
tinued growth leads to filling up of the pit corners caus
ing an apparent shape change, first to an octagonal sh
Fig. 5(b), followed by a square shape with its edges alo
the k100l directions, as shown in Fig. 5(c). By this time
the walls of the pits have stabilized ash105j facets. Con-
tinued SiGe deposition leads to the formation of 3D i
lands whoseh105j facets are simply a continuation of the
pit wall. Such a scenario is depicted in Fig. 5(d) and lea
to the morphology observed in Fig. 1. The microstru
tural features proposed in the schematic model (Fig.
can be correlated to our experimental observations. F
example, the formation of theh105j facets before 3D is-
land nucleation, proposed in Fig. 5(c), is evident in Fig.
The octagonal pit shape, depicted in Fig. 5(b) as an ear
stage of the pit-reorientation effect, can also be explain
with reference to Fig. 4. Since islanding occurs earlier
700 ±C (compared to that at650 ±C), the total SiGe cover-
age in Fig. 4 is almost half of that in Fig. 1. Therefore
the octagonal or rounded pit shape is consistent with
earlier stage of growth.

Nucleation of islands near pits have been observ
previously in conjunction with relaxation of a straine
planar SiGe film activated by annealing [6]. In that case,
was proposed that islands and pits nucleate “cooperative
due to strain relaxation obtained from the elastic interacti
between pits and islands [6]. In our experiments, theh105j
facet of the pit wall grows into the island facet and reduc
the number of edges created by nucleation along a pit ed
1476
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compared to nucleation on a flat surface. The strain ener
relaxation due to the reduced number of edges may
important since the edges of the islands tend to have a la
tensile stress [4,13].

Finally, we comment on another microstructural featur
of interest. The growth of thicker SiGe films (beyond
the stage of island formation near pits) leads to islan
nucleation on the flat regions away from the pits, rathe
than continued growth of the islands within the cluster.

In summary, we describe the fabrication of cluster
of self-assembled dots (quantum-dot molecules) using
direct epitaxial growth approach. These structures m
be potentially useful for devices such as the quantum
cellular automata and may possess novel electronic a
optical properties.
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