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Embedding of Nanoscale 3D SiGe Islands in a Si Matrix
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The epitaxial embedding of faceted three-dimensional SiGe islands in a Si matrix has b
investigated by low-energy electron microscopy. Under a Si flux these islands expand and und
a shape change to incorporate a (100) top facet. A physical interpretation of the atomistic mecha
producing the shape change is presented and supported with a simple model. [S0031-9007(98)07

PACS numbers: 68.35.Bs, 61.16.Bg
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Modern techniques of epitaxial growth make possib
the synthesis of planar semiconductor films with mon
layer thickness control. Because of the increasing inter
in quantum wires and dots for potential future semico
ductor electronic devices, much effort has been devo
recently to extending this capability to the formatio
of structures with nanometer size in two or thre
dimensions. Many systems in which film and substra
materials have the same crystal structure but differ som
what in their lattice constants naturally form nanosca
three-dimensional (3D) islands: Growth of a planar film
strained to the in-plane lattice constant of the substra
breaks down at some layer thickness, and additio
deposition leads to the formation of 3D islands on top
this wetting layer [1] that are coherently matched to th
underlying lattice. Through refined choice of materi
and growth parameters, ordered arrays of uniformly siz
faceted nanoscale islands can be achieved by such s
assembly [2]. The resulting ensembles of electronica
coupled islands promise to become useful building bloc
in future electronic devices and represent a unique ar
for fundamental investigations.

For measurements of basic electronic properties as w
as for device applications, it is necessary to create bur
quantum dots by embedding such nanostructures in
matrix. Such epitaxial embedding yields an excelle
passivation of the dot surface, resulting in a predictab
intrinsic potential profile within the quantum dot itsel
and in a well-defined potential barrier between the d
and the surrounding matrix. However, embedding c
also complicate predictions of the electronic structu
of real samples. Apart from producing inhomogeneo
strain due to the lattice mismatch between the dot a
barrier materials, which is usually accounted for
electronic structure calculations, embedding can chan
the composition and the shape of the dots, both of wh
significantly affect their band structure [3].

Despite its importance, the embedding of se
assembled quantum dots has not been studied system
cally [2,4], and obvious shape changes of buried islan
have been ignored until quite recently [5,6]. In the SiG
system, for example, transmission electron microsco
(TEM) images show that overgrowth transforms pyram
0031-9007y98y81(16)y3471(4)$15.00
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dal islands into truncated pyramids [5] of reduced heigh
The physical mechanisms driving these shape transitio
are, however, unknown. In this Letter we describ
the embedding of 3D SiGe hut islands using real-tim
low-energy electron microscopy (LEEM) observation
of the morphological evolution of such islands as Si
deposited on them. We provide a detailed discussion
the physical mechanisms governing the observed sh
changes. We suggest that the mechanisms found here
generally applicable to systems exhibiting lattice stre
driven self-assembling 3D island growth.

Growth experiments were performed in the LEEM o
(100) oriented Si substrates using Si2H6 and Ge2H6. In
a first step, the surface was seeded with an array
coherent islands by depositing a Si12xGex alloy sx , 0.4d
at 750±C [7]. The alloy coverage was chosen to yiel
pyramid-shaped (105) faceted hut islands [8] coexisti
with somewhat larger, dome-shaped multifaceted islan
[8,9] to detect possible modifications in the embeddin
that depend on initial island shape. Following SiG
alloy growth, the sample temperature was lowered
650±C and Si was deposited at a rate of 2.3 monolaye
(ML) per minute to embed the islands and gradual
recover a flat surface. LEEM images were record
during deposition in bright-field mode, using electron
specularly reflected from the sample surface. Imagi
conditions, chosen such that large planar areas with (1
orientation appear bright while facets with oblique surfac
normals and groups of closely spaced steps appear d
allow us to measure quantitatively the (100) projected si
of individual 3D islands, during their initial formation
as well as during their subsequent embedding in
Additional island height information was obtained b
cross-sectional transmission electron microscopy (XTEM
on some of the samples.

Figure 1 shows a sequence of LEEM images illustra
ing the evolution of island morphology with increasing S
coverage at a temperature of 650±C. Dark spots mark
the base area of individual islands, most of which are c
herent (105) faceted huts [10]. These huts are strain
at their base to the Si lattice constant, and partially rel
the strain toward their top [11], but must be througho
under compressive stress to maintain the (105) facets.
© 1998 The American Physical Society 3471
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FIG. 1. Sequence of LEEM images, taken atT ­ 650 ±C and
a deposition rate of 2.3 MLymin, illustrating the overgrowth of
3D SiGe islands. (A) SiGe islands prior to Si deposition. Mo
of the islands are (105) faceted huts, which appear somew
rounded at this elevated temperature. Three larger, multiface
dome islands are also present (marked “X”). (B), (C), and (D)
Islands during Si deposition, at 4.6, 9.2, and 13.8 ML coverag
respectively. Field of view:1.5 3 1.5 mm2.

that were not the case, the 3D islands would form a (10
top surface. The shape of the huts projected onto (10
is not perfectly square but somewhat rounded at this e
vated temperature, probably due to thermal rounding
the edges between adjacent facets. Because of their
Ge content most of the hut islands are quite large, with
base dimension of about 140 nm, but significantly smal
islands are also present. Dome islands (marked “X”) are
surrounded by characteristic “capture zones” free of oth
islands. Comparing images 1(A) and 1(B), recorded at
coveragesQ ­ 0 and 4.6 ML, respectively, we see tha
the base area of larger hut islands as well as of dom
increases with Si deposition. Smaller huts, on the oth
hand, shrink rapidly and disappear at this very initial sta
of Si deposition. A striking new feature, clearly visible in
images 1(C) and 1(D), appears after deposition of abo
6 ML of Si: the islands develop a planar region with (100
orientation at the apex; i.e., the initial pyramid or dom
shape of the islands changes to incorporate a (100)
facet, which expands with further Si deposition.

To quantify the changes at the periphery and th
apex of the islands upon Si deposition, we measured
evolution in the area of the base and of the top fac
for a large number of islands. Figure 2(a) shows resu
for pyramids and domes. The qualitative observatio
of Fig. 1—the formation and rapid expansion of a (100
oriented facet at the island top along with a continuo
increase in base area during Si growth—are clea
confirmed.

In discussing the results of Figs. 1 and 2(a), we foc
on hut islands. We first consider the formation of a (10
facet in the apex region. The reduced height of embedd
relative to as-grown 3D SiGe islands observed by XTE
[5] suggests that actual dissolution of the apex plays a r
in the formation of this facet. We can demonstrate th
this dissolution is driven by the deposition of Si onto th
SiGe islands. As-grown islands are stable against sh
changes, if they are simply annealed at 650±C without a
Si flux. This result is not surprising, as the islands we
formed at significantly higher temperature. If we depos
Si, a top (100) facet forms. Yet if we interrupt the Si flux
the (100) facet does not grow further. For example, w
3472
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FIG. 2. Shape change of 3D SiGe islands during embedd
in Si. (a) Evolution of the projected island geometry as
function of Si deposition time. Points indicate experiment
values measured from sequences of LEEM images, recorde
real time during Si growth. Lines show the results of mod
calculations on the formation and expansion of a (100) facet
the island apex (bottom), and the increase of the base area (
(b) Illustration of the model for the island apex dissolution
Layer-by-layer dissolution is driven by incorporation of Si (i)
followed by atom detachment from the topmost terrace (i
whose area thus decreases at a rater. Bright-field LEEM
detects the area “A” as a bright spot surrounded by dark contra
from the adjacent facets.

deposited Si onto the islands to a coverage ofQ ­ 7 ML,
somewhat beyond the point at which the formation of
(100) top facet can first be detected by LEEM, stopp
the deposition, and annealed at the growth temperatu
The (100) facet did not expand. We can thus conclu
that a continuous Si flux is required to drive the sha
change. The increase in base area of larger huts w
Si deposition seen in Figs. 1 and 2(a) can be accoun
for by assuming that supplied Si as well as material fro
the dissolving apex is redistributed such as to prese
the (105) facets of the hut islands as long as possib
Contrary to conclusions reached on other systems [4],
data do not support the idea of directed diffusion of
atoms from the islands towards the planar wetting lay
[12]: the supplied Si sticks on the facets bounding t
islands and drives their lateral expansion.

We suggest the following scenario for the dissolutio
of the island apex. At typical molecular beam epitax
(MBE) or chemical vapor deposition (CVD) substrat
temperatures and growth rates, Si deposition on the (1
[and presumably also (105)] surface of Ge or of a SiG
alloy causes intermixing, i.e., incorporation of Si into an
segregation of Ge to the surface to lower the surfa
energy [13], and to minimize the stress in subsurface lay
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[14]. The net effect of this change towards a more S
rich composition should be most pronounced at the ap
of the 3D islands, where the local surface-to-volume rat
is largest. If enough Si is present, the strain in the ap
region can become low enough that the (105) facets can
be maintained and that a (100) surface again becomes
thermodynamically stable structure. Atoms from the ape
migrate down the sides to eliminate the (105) facets at t
top and promote the outward growth of the remaining (10
facets in the lower parts of the island. The (100) oriente
top terraces exposed during the dissolution of the ap
are initially Ge rich. Further decay of these terraces, i.e
further reduction of the island height, requires addition
intermixing with Si supplied by a continuous Si flux onto
the surface, to agree with our observations. For smal
islands with a size close to the critical nucleus, the stra
reduction at small Si coverage can already be sufficie
to destabilize the entire 3D island. Hence, small islan
should disappear at the initial stage of Si deposition,
is indeed observed in Fig. 1. In addition to causing
change in islandshape, embedding can thus also narrow
the distribution of islandsizes.

We can translate the above model into a simp
calculation. Consider an island with a small top terrac
“A” and whose sides consist of regularly spaced ste
[microscopically, the (105) facet consists of close-lyin
steps [8], as shown in Fig. 2(b)]. We assume that th
top of a 3D island is destabilized continuously by mixin
with deposited Si and thus decays one atomic lay
at a time, i.e., by atom detachment from the topmo
monolayer such that its area decreases at a constant
r. While the actual decay of the apex may involv
several layers simultaneously, we expect the respect
topmost (smallest) terrace to have highest vapor press
of its edge atoms, causing it to shrink fastest. Layer-b
layer dissolution may thus be a good approximation. Th
deposition of Si is also taken into account by defining
second parameter, the fractionp of atoms adsorbed on a
monolayer terrace (such as “A”) that become incorporated
into its bounding steps, and thus oppose the island dec
Using this model, we calculate numerically the evolutio
of the island height and top facet area as a function
Si coverage. The results of this calculation are given
lines in Fig. 2(a), with the two parametersr andp chosen
to fit the measured size evolution of the top facet. Th
data for huts suggest a decay rater ­ 33 nm2ys, only
slightly smaller than that of isolated monolayer islands o
Si(100) at the same temperature [15]. The value found f
the second parameter, the step incorporation probabi
p, is also reasonable: 16% of the adatoms attempti
to diffuse across an atomic step become incorporated
it. The calculated curves in Fig. 2(a) clearly demonstra
how dissolution and growth counteract each other. T
initially small top terrace of the 3D islands collects only
few Si atoms, yet enough become incorporated into t
apex region to make it thermodynamically unfavorab
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to have (105) facets. Lateral evaporation of the terra
by atom detachment dominates over growth by th
incorporation of deposited atoms. This imbalance leads
the removal of material from the apex, causing the islan
height to decrease. In the calculation this decay of th
apex is represented by the increase in the top facet ar
Even though the thermodynamic destabilization continu
for all exposed (100) terraces in the presence of a Si flu
there is a kinetic limit to the decay of the island: with
increasing area of the (100) facet, its lateral growth du
to the deposition accelerates and eventually outweighs
decay. Further Si deposition (at the same rate) results in
net expansion of the top facet without additional decrea
in island height, and eventual embedding of the 3D islan

The combination of thermodynamic driving force and
kinetic limitation suggests that the shape transformatio
should be temperature and flux dependent. Both o
LEEM data and our XTEM results show that Si depositio
at low temperature causes only a minor height reductio
and a small (100) facet to form on top of the 3D islands
the resulting embedded islands differ only a little from
the hut islands. Figure 3 illustrates the evolution o
island shape with Si coverage at different temperature
calculated using our model and starting with an as-grow
(105) faceted hut island. We keep the incorporatio
probability p fixed at the value determined from the
fit to the LEEM data, while we vary the rate,r, of
detachment. Figure 3 is in good qualitative agreeme
with our experimental observations. Deposition at low
temperature causes little shape change, while at hi
temperature, it causes the decay of a large portion of t
height of the islands, redistribution of larger amounts o
SiGe alloy from the apex to the expanding facets, an
consequently the transformation of the pyramids into thi
boxlike clusters. We conclude that, because the sha

FIG. 3. Calculated top facet area on a 3D island as a functi
of Si coverage at high and low temperature. The as-grown 3
island is assumed to be a (105) faceted, square based pyra
(base size 140 nm). The resulting shape after the initial sta
of Si overgrowth is shown schematically for capping at low
(LT) and high (HT) temperature.
3473
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change is driven by the thermodynamic destabilization o
the apex region through intermixing and a reduction i
strain while kinetics limit the actual decay of the island
apex, rapid embedding at low temperature preserv
the initial hut shape, while slow embedding at highe
temperatures causes the 3D islands to flatten maximal
or to disappear entirely if they are small enough. Becau
of the difference in height reduction, the amount of matri
material required to cover the islands will depend o
temperature and flux. We believe that, through judiciou
choice of growth parameters, specified shapes and heig
of 3D islands are achievable and that the electron
properties of individual dots as well as the nature o
their coupling can thus be tuned during growth of th
embedding layer.

In conclusion, we have investigated embedding of sel
assembled 3D SiGe islands in Siin situ and in real time
by LEEM. Si deposition drives significant changes in
the morphology of the islands. Small islands shrink an
disappear. Larger islands grow and develop a (100) to
facet during the initial stage of Si deposition. These tran
sitions are driven by the Si-induced destabilization of th
(105) faceted island apex, followed by the formation o
the stable (100) surface by migration. Kinetics ultimatel
limit the evolution of this process as the flattened island
become buried.
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by E. Mateeva and helpful discussions with Feng Liu an
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