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SiGe Island Shape Transitions Induced by Elastic Repulsion
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The detailed morphological evolution during the transition between hut clusters and dome
clusters is examined for Si0.8Ge0.2ySis001d heteroepitaxy. Simultaneous real-time light scattering
and stress measurements directly demonstrate the correlation between island impingement and th
shape transformation. We show that elastic interactions between islands can significantly reduce
the equilibrium transition volume and may also modify the activation barrier for the transition.
[S0031-9007(98)06223-1]
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Coherent island formation provides a pathway to stra
relaxation during lattice-mismatched heteroepitaxy th
can bypass, or at least precede, dislocation introduct
[1–6]. Relaxation results from the evolution of the film
geometry rather than through shear, and is kinetica
mediated by surface diffusion. Strain not only drive
the initial 2D-to-3D transition during growth, but can
also drive transitions from one island shape to anoth
[6–12]. Island shape transitions are of interest becau
they probe the energetics and kinetic pathways associa
with deterministic morphological evolution arising from
the competition between strain energy and surface ene
These issues are critical to producing dense arrays
islands of controlled size for quantum dot applications.

In a previous publication, we showed that the sequen
of island transitions during Si0.8Ge0.2ySis001d heteroepi-
taxy (0.8% lattice mismatch strain) mirrors that observ
for GeySi(001) heteroepitaxy (4% strain), as long as th
growth temperature is high enough to provide sufficie
adatom mobility [11]. Longer surface diffusion length
are required to overcome kinetic limitations imposed b
the low strain. In particular, there is a natural length sca
associated with strain-driven islanding that is proportion
to DGyM´

2
coh, whereDG is the change in surface energy

M is an elastic modulus, and́coh is the lattice mismatch
strain. Length scaling in the low strain regime can b
exploited in the study of islanding phenomena, sin
transitions are a more gradual function of film thick
ness, allowing easier observation of intermediate tran
tion stages, and since the increased length scales a
use of real-time optical probes.

In this Letter, we examine the detailed transition fro
the hut cluster morphology (pyramidal islands bound
f501g facets [1]) to the dome cluster morphology (mor
isotropic island predominantly bound byf311g facets [8])
during Si0.8Ge0.2ySis001d heteroepitaxy. We show tha
island-island elastic interactions can strongly modify th
transition energetics.
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Si0.8Ge0.2 films were grown by molecular beam epitax
(MBE) on Si(001) at755 6 10 ±C and 0.1 Åys to various
thicknesses [12]. All film thicknesses quoted here a
mass equivalent thicknesses. The films are imagedex
situ using scanning electron microscopy (SEM), atom
force microscopy (AFM), and transmission electron micr
scopy (TEM).

Figure 1 shows a sequence of SEM images at differ
film thicknesses following the evolution from a pur
array of f501g-faceted huts to a pure array of dome
[Fig. 1(e)]. We showed previously that, under the curre
growth conditions, the film exhibits a compact hut clus
morphology from 60 to almost 130 Å thickness.
this regime, thef501g facet appears extremely stable—
the huts grow, but retain their essential shape [11].
130 Å, the areal coverage of huts approaches unity

FIG. 1. SEM images showing the evolution from huts
domes as a function of Si0.8Ge0.2 equivalent thickness (six
different depositions). All images are the same magnificati
(a) 104, (b) 130, (c) 170, (d) 230, and (e) 275 Å. (f) SE
image of a film grown to 104 Å and then annealed to prom
static coarsening. Compare hut size and spacing with
in (a).
© 1998 The American Physical Society 4717



VOLUME 80, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 25 MAY 1998

er

n
ic
e
of

r

al

-
e

e
o
e
o

e-

n
ds
he
ct
in

d

copious impingement of neighboring huts occurs, show
in Fig. 1(b). At this point, thef501g facet destabilizes,
and the island shape evolves rapidly.

In order to quantitatively demonstrate the conne
tion between hut impingement and the transformation
domes, we have made real-time measurements dur
MBE growth of both the film stress, using a curvature
based technique [11,12], and the mean spatial period
the island array. The latter is accomplished using a nov
optical scattering technique that employs broadband ill
mination of the substrate and spectroscopic detection
the backscattered light. The islands act like a diffractio
grating, resulting in a peak in the optical scattering spe
trum, measured along ak100l azimuth, that can be cor-
related with the mean island separation [13]. Part of th
motivation for developing a real-time monitor of island
spacing is our observation that the spacing, size, and ar
density of islands are very sensitive to the deposition tem
perature, makingex situmeasurement of theevolutionof
these characteristics rather difficult.

In Fig. 2(a), we plot the stress-thickness product [14
and the mean island spacingl, as a function of equiva-
lent thicknessh during MBE growth. The puref501g-hut
regime during deposition, which is characterized by a co
stant effective stress due to the constant island shape [2
is shown as the shaded region in Fig. 2. Ath ø 130 Å,
the effective film stress begins to drop, signaling the o
set of the hut-to-dome transition. The stress reduction o
curs because the island facet angle steepens beyond th
f501g, thereby increasing the island aspect ratio [11,15
Plan-view TEM verifies the film to be dislocation-free
throughout the transition. Within the hut regime we ob
serve the hut spacinglshd to increasewith thickness; i.e.,
the areal density (number per unit area) of islands d
creases, implying that the huts coarsen during growth [1
From thelshd data, we determine the mean island vo
ume asV  sh 2 hwldl2, wherehwl is the wetting layer
thickness, here taken to be 22 Å [11].V shd is shown in
Fig. 2(b), where the critical volumeVc at the hut-to-dome
transition is also explicitly identified.

The fixed island shape in the hut regime allows us
quantitatively determine the areal coverageushd of the
hut clusters from thelshd data: u  fAsh 2 hwldylg2y3,
where A is a dimensionless geometric factor equal t
30 to compactf501g huts. Figure 2(c) shows thatushd
increases rapidly with film thickness [17]. The key
observation is that the coverage approaches unity
the same thickness (130 Å) that the film stress begi
to drop at the beginning of the hut-to-dome transition
Thus the combined stress and areal coverage data
Fig. 2 explicitly demonstrate the correlation between h
impingement and the onset of the shape transformation

We performed annealing experiments to suppress i
pingement and examine the effect on the hut-to-dom
transition. A Si0.8Ge0.2 film was grown to 104 Å equiva-
lent thickness at 755±C and then annealed at the growth
temperature for 45 minutes. After the anneal, the islan
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FIG. 2. (a) Stress thickness determined from real-time waf
curvature measurement during MBE growth of Si0.8Ge0.2. The
slope represents the effective film stress. Also, the mea
spacing of the island array determined from spectroscop
light scattering. (b) The mean island volume and (c) th
areal coverage, from the light scattering data, as a function
depositiontime (deposition rate 0.104 Åys). The diamond
symbols are for continuous deposition wile the circles are fo
annealing. The gray circles are data fromex situ imaging at
t  3700 s.

were imagedex situby SEM [Fig. 1(f)] and AFM. We
find that the island array coarsened, reducing the are
coverage tou ø 0.5, compared withu ø 0.9 for con-
tinuous growth to 130 Å, as shown in Fig. 2(c). Con
currently, the mean island volume coarsened to becom
1.9 times larger thanVc for the 130 Å thick film, as
shown in Fig. 2(b). Throughout the entire anneal, th
islands retained the compact hut cluster morphology—n
transformation to domes was observed. We will argu
that this result does not arise from metastability due t
kinetic constraints, but instead that theenergeticsof the
shape transition are modified by elastic interactions b
tween islands at high areal coverage.

Islands interact repulsively through their mutual strai
fields in the substrate [15]. The presence of nearby islan
makes the substrate appear stiffer, thereby reducing t
overall elastic relaxation. We can incorporate the effe
of elastic interactions into the overall system energetics
a simple fashion. The mean island volume isV  hl2,
wherel is the spacing between neighboring islands, an



VOLUME 80, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 25 MAY 1998

e
n-
be

y

y.

re

of

e
hat

tial
fy

ot

nt
)

b-
l-

er

l-

ion
fact
of

3],

on-
tly
e

nt
e
r-

rrier
el

ith
ing
h is the equivalent thickness. The energy per unit are
relative to planar film of the same thickness, is given by

DEA 
DEtot

l2  M´2hhGf1 1 fsudg 2 1j

1 DGhV 21y3, (1)

where M is the biaxial modulus,DG is the change
in surface energy upon island formation, andG is the
fractional reduction in average strain energy dens
associated with the island shapes0 , G # 1d. The areal
coverage of islands,u, can be expressed asu  KhV 21y3,
whereK depends only on island shape. The functionfsud
describes the additional elastic energy density impos
by island interactions. Figure 3(a) illustrates how elas
interactions affect the transition volume. The solid curv
represent the areal energy density for zero coverage [1
The crossing point is the critical volumeV0 for the
transition of an isolated hut to a dome. The dashed curv
represent the areal energy density at nonzero coverage
general,Vc fi V0 when elastic interactions are significan

FIG. 3. (a) Schematic illustration of the areal energy dens
as a function of island volume at zero coverage (solid line
and finite coverage (dashed lines) for huts (H) and domes (D).
The transition volumeV0 is reduced toVc at finite coverage.
(b) The reduction inVc as a function of coverage calculated
from Eq. (2) for several values of the interaction parameter.
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We performed 2D finite element calculations of th
increase in elastic energy density as a function of li
eal coverage of triangular islands. The results can
fit to a parametric formfsud  Qun, which was also
used in an analytical analysis by Shchukinet al. [19].
The equilibrium transition volume is then obtained b
settingDEA,hutssV , ud  DEA,domessV , ud, and solving for
Vc [20]:

Vc

V0


∑
1 1 DI

µ
u

K

∂n∏23

, (2)

where DI  sGHQHKn
H 2 GDQDKn

DdysGH 2 GDd and
V

1y3
0  sDGD 2 DGHdyfM´2sGH 2 GDdg. The sub-

scripts H and D refer to huts and domes, respectivel
Note that the essential strain scaling is captured inV0.

Shchukin used a value ofn  1.5 [19], but our finite
element calculations of the elastic interaction energy a
best fit by n  1. In Fig. 3(b), we plot VcyV0 (for
n  1) as a function of coverage for several values
the interaction parameterDI. The important result is that
the critical volume for the hut-to-dome transition can b
strongly reduced by elastic interactions. We estimate t
a value ofDI ø 20 is quite reasonable for this transition
[21]. A different value of the exponentn will affect
the quantitative result, but does not change the essen
conclusion that elastic interactions significantly modi
the transition volume.

In the annealing experiment described earlier, we did n
anneal long enough to observe the trueV0, which will be
quite large at low strain. However, a recent experime
involving near-equilibrium growth of pure Ge on Si(001
was performed by Medeiros-Ribeiroet al. [22,23]. In this
work, reversible transitions of huts into domes were o
served at very low areal coverage. The transition vo
ume søV0d in these experiments is about 50 times larg
than that reported for GeySi(001) by Tomitoriet al. [8],
whose growth conditions resulted in hut impingement, fo
lowed by transitions to dome clusters.Vc  50V0 implies
a value ofDI  25 from Eq. (2), withn  1. This result
is consistent with our analysis, and supports the content
that our annealed hut clusters are not metastable, but in
are still in the energetically stable regime in the absence
elastic interactions.

It must be pointed out that Medeiros-Ribeiroet al. also
show strong evidence for a preferred island size [22,2
as was first predicted theoretically by Shchukinet al. [19].
In order to observe a preferred island size, the elastic c
tributions of the island edges must contribute significan
to the total energy. Bulk-strain-induced reduction of th
effective surface energy [19,24] is also very importa
[22]. However, at low strain and large island size, th
edges contribute negligibly to the total energy, and su
face energy changes are expected to still act as a ba
to island formation and shape transitions. Thus we fe
it is justified to use the simpler analysis associated w
Eq. (1) to describe the transition energetics characteriz
our experimental results.
4719
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In addition to reducing the critical volume for the hut
to-dome transition, elastic interactions between islan
can also reduce the activation barrier associated with
transition. The barrier arises from the local increase
energy, due to surface energy anisotropy, for island sha
intermediate between huts and domes. Short-range ela
interactions create a gradient in chemical potential alo
the island surface. We used our 2D finite element mode
evaluate the elastic energy density along the surface of
f501g facet, as a function of areal coverage. We find tha
as the islands approach closer than one-tenth their len
the gradient in the elastic chemical potential at the corn
rises rapidly [25]. This could effectively destabilize th
f501g facet by piling up adatoms away from the corne
and roughening the surface, thereby fostering nucleat
of a steeper facet. Thef311g facet eventually “locks in”
as a local minimum in the Wulff surface.

This conceptual model is consistent with our observ
tions of the intermediate stages of transition. Figure
shows that, beyond 130 Å thickness, huts elongate to fo
ridges that are a kinetically defined intermediate configur
tion. AFM profiles verify that the ridge facets are signifi
cantly steeper thanf501g. By 170 Å thickness, compact
domes with steepfh11g facets form via ridge fission. As
the film thickens, dome formation continues, and the dom
facet approachesf311g. Jesson has described a qualita
tively similar sequence of transitions in Si0.5Ge0.5 during
annealing [7]. When the transformation is complete th
domes are fully compact, isolated, and highly faceted.

In summary, we used simultaneous real-time measu
ments of stress and surface spatial period to directly ver
the correlation between hut cluster impingement and t
onset of the hut-to-dome transition. High areal covera
is kinetically imposed by the deposition process. Sta
annealing experiments demonstrate that the critical v
ume for the transition can be made much larger when i
pingement is avoided. A simple energetic analysis th
includes elastic interactions between islands captures
essentials of this behavior.
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