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Novel SiGelsland Coar sening Kinetics: Ostwald Ripening and Elastic Interactions
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Real-time light scattering measurements of coherent island coarsening during SiGe/Si heteroepitaxy
reveal unusual kinetics. In particular, the mean island volume increases superlinearly with time, while
the areal density of islands decreases at a faster-than-linear rate. Neither observation is consistent with
standard considerations of Ostwald ripening. Modification of the standard theory to incorporate the effect
of elastic interactions in the growing island array reproduces the observed behavior.

PACS numbers: 68.35.Bs, 68.55.—a, 81.15.—z

Coherent island formation occurs to relieve strain
associated with lattice mismatched heteroepitaxial growth
[1-5]. Coherent islands have been shown to self-assemble
to produce a narrow distribution of sizes, and to self-order
gpatially onto two- or three-dimensional lattices [6,7].
We have recently reported on the kinetics of self-ordering
of [501]-faceted pyramidal islands (“hut clusters’ [1]) in
Sip.sGey; films on Si(001) during molecular beam epitaxy
(MBE), where elastic repulsion between neighboring is-
lands drives the spatial organization [8].

In this Letter we examine the kinetics of hut cluster
coarsening during MBE growth, aprocessthat isintimately
associated with the self-ordering process. Coarsening is
a competitive growth process wherein some islands grow
at the expense of others in order to minimize total sur-
face energy (“ capillarity-driven coarsening”). Theresultis
that the mean island volume increases with time, while
the number of islands per unit area simultaneously de-
creases. Coarsening can occur via (i) Ostwald ripening
[9,10], mediated by adatom diffusion currents between is-
lands; (ii) dynamic coalescence, where isdlands themselves
diffuse across a surface until they collide with other is-
lands and coalesce into asingle island [11]; and (iii) static
coalescence, where islands do not trandate but grow from
supersaturation, undergoing coalescence only when neigh-
boring islands touch [12]. We find that coarsening kinet-
ics in dense arrays of hut clusters are much different than
would be expected from simple capillarity-driven Ostwald
ripening [9,10], even in the presence of a deposition flux.
The novel kinetics observed here are attributed primarily to
the effects of elastic interactions on Ostwald ripening. Itis
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emphasized that only one type of island shapeis present in
these experiments, in contrast to previous studies [13—15].
SiysGey, films were grown on Si(001) by MBE (de-
tails may be found in [16]) at 755 °C and 0.1 A /s deposi-
tion rate. Under these conditions, an extended regime of
film thickness exists, from 60—130 A mass equivalent
thickness, in which {501}-faceted pyramidal islands are the
only island morphology present [16]. Figure 1 shows an
example of atypical hut cluster array, both as-deposited,
and after annealing in situ at the growth temperature. As-
deposited [Fig. 1(a)], the array is quite dense, with an ared
coverage, defined as the fraction of substrate surface cov-
ered by islands, of & = 0.7-0.8. Coalescence of pyramids
to form ridgelike structures is observed. After annealing at
the growth temperature, the island array has coarsened fur-
ther, and all islands are compact [501]-faceted pyramids.
In order to obtain the ensemble coarsening kinetics, the
island array was characterized in real-time during MBE
growth and annealing, using light scattering spectroscopy
(LiSSp). LiSSp uses broadband illumination of the film
surface, combined with spectroscopic detection of the scat-
tered light, in afixed scattering geometry [17]. For the lat-
tice mismatch strain used here (0.8%), the idand array is
coarse enough to act asan optical diffraction grating [8,16].
From the peak in the scattered intensity we directly obtain
the mean island spacing (A(z)) and the mean areal den-
Sity (N (1)) = (A(z))~2 (number per area). The mean island
volumeisthen given by (V(z)) = (A(1))*[hs(t) — hw(1)],
where ks is the mass equivalent film thickness and 4.,
is the wetting layer thickness. Cross-section transmission
electron microscopy indicates that 4., decreases slowly
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FIG. 1. Plan-view scanning electron micrographs of
SipsGey,/Si(001) hut cluster arrays grown by MBE at 755 °C.
(a) As-deposited (100 A thick); (b) annealed for 40 min at the
growth temperature (100 A thick).

during deposition during the hut cluster regime [18]. Since
the time dependence is unknown, we have used a constant
value of Ay, as afirst approximation. The effect of this
approximation will be discussed later. Findly, given the
island shape, the mean area coverage (#(¢)) can also be
calculated.

Figure 2 shows the LiSSp data obtained during deposi-
tion, and for deposition followed by annealing at the de-
position temperature. The island array clearly coarsens
during deposition, since (V(¢)) increases while (N(t)) de-
creases (but the islands retain their {501}-faceted shape
throughout). The areal coverage increases significantly
during deposition but drops with annealing. The coarsen-
ing kinetics exhibit several unusual features of key impor-
tance here. First, for coarsening during deposition, (V (¢))
increases superlinearly with time; that is, the second de-
rivative is positive. A second key observation from Fig. 2
isthat, during deposition, d*>(N)/dt* is negative, which we
show later is important in elucidating coarsening mecha-
nisms. We also observe that the rate of coarsening during
annealing is much slower than the coarsening during de-
position, with (V(¢)) increasing sublinearly with time and
d*(N)/dt* is positive.

The coarsening kinetics we observe during deposi-
tion are inconsistent with elementary considerations of
capillarity-driven Ostwald ripening, even in the presence
of adeposition flux [10]. For deposition at constant rate,
with no ripening, (V(¢)) should increase linearly with
time while (N (¢)) remains constant. On the other hand,
for Ostwald ripening with no deposition flux, d*(N)/dt>
should aways be positive. This is a consequence of the
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FIG. 2. LiSSp data obtained during growth of the films shown
in Fig. 1. Circles are for continuous deposition, while diamonds
are for deposition followed by annealing. In (), the curves are
offset for clarity.

fact that as ripening proceeds, the driving force due to
capillarity monotonically decreases with time, and the
ripening rate decreases. To examine intermediate cases of
ripening plus deposition, we employ a standard mean field
analysis [13,19]. While such models cannot capture local
behavior, we are interested here in the generic behavior
of ensemble-average quantities, for which the mean field
approach is reasonable. The chemical potential for pure
capillarity-driven ripening is given by Au(V) = BV ~1/3,
where B sets the energy scale and V is an island volume
(the Gibbs-Thomson equation). The growth rate of any
class of idands of size V is, in the mean field context,
given by [13]

dv .

E _ CV1/3[6A/L JkT _ eA/,l,(V)/kT], (1)
where ¢ isaconstant, kT isas usua, and A u* is specified
by conservation of mass:

fﬂwﬁmw=¢. )
0

In Eq. (2), ® is the deposition rate, f(V,1) is the dis-
tribution of island volumes, and V is given by Eq. (1).
Finaly, the evolution of f(V, ) is obtained from the flux
continuity equation in size space,

af _afv)
a9V )

which is solved numerically [20]. From f(V,t) we di-
rectly obtain (V (¢)), (N(z)), and (6(¢)) for comparison with
data. The results are shown in Fig. 3. For pure ripen-
ing (® = 0), (V(¢)) increases linearly, (N(t)) decays with
positive second derivative, and (6(¢)) decreases, as ex-
pected, and is consistent with our postgrowth coarsening




VOLUME 84, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JANUARY 2000

4
< 3
¥ 2
o=0
1 o e =
increasing
AO.B_
%0.6
0-4IIII
A1'5:
v 1
0.5:IIIIllllllll¢?plllllllll_
Time (a.u.)

FIG. 3. Mean field model results showing effect of deposition
flux, ®. Note that (N (¢)) always has positive second derivative,
unlike the data shown in Fig. 2(b) for continuous deposition.
(V(2)), (N(2)), and (6(r)) have been normalized by their initial
values.

during annealing. For large @, where the deposition flux
is much larger than the adatom supersaturation associated
with ripening, (V()) again increases linearly with time,
while (N(r)) decreases very dowly with time, again as
expected. For intermediate @, (N(r)) still decays with
positive curvature. Thus, capillarity-driven ripening, even
in the presence of a deposition flux, cannot reproduce our
essential experimental results.

We have shown previously that elastic interactions in
dense arrays of hut clusters contribute significantly to the
system energetics [8,20]. This should affect ripening,
since during deposition, the increasing areal coverage of
islands will continuously increase the elastic interaction
energy. In essence, deposition combined with elastic in-
teractions continuously drives the chemical potential of
the island array upwards, forcing the system to respond
by reducing the areal coverage through more rapid coars-
ening. The elastic interaction energy can be captured in
the mean field approach to Ostwald ripening through an
areal-coverage-dependent term in the chemical potential:
Au(V,0) = B[V™Y3 + p()]. In order to determine a
form for p(0), we performed finite element cal culations of
the elastic interaction energy as a function of areal cover-
age, using an axially symmetric configuration to capture
the essence of the 3D sSituation (see Fig. 4 inset). The
lateral faces of the cylindrical substrate are constrained
against normal displacement to represent the symmetry
congtraint due to neighboring islands. The results are
shown as circles in Fig. 4. We then fit the finite ele-
ment resultswith p () « exp(6%) — 1, for usein the mean
field model. This function is shown as the solid line in
Fig. 4. The mean field areal coverage is explicitly evalu-
ated at each time step and the analysis proceeds as de-
scribed above.
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FIG. 4. Resultsof finite element calculations of the normalized
excess elastic interaction energy as a function of areal coverage
(circles). Also shown is an anaytic representation (line). Inset:
a 2D dice through the axisymmetric geometry used in the
calculations.

Figure 5 shows results of calculations for (V(¢)) and
(N (1)) using a value of ® such that coarsening is depo-
sition dominated in the absence of elastic interactions (for
comparison, the ripening kinetics for the same deposition
rate but with no elastic interactions are also shown in the
figure) [21]. The important outcome is that elastic inter-
actions promote both superlinearity in (V(¢)) and decay
of (N(z)) with negative curvature. We also show our ex-
perimental data in Fig. 5 (open circles), scaled for com-
parison with calculations. A single scaling provides good
generic agreement between the data and the mean field re-
sults. The quality of the agreement between model and
experiment should not be overinterpreted—we seek only
to demonstrate that the incorporation of elastic interactions
in a simple Ostwald ripening model can reproduce the es-
sential aspects of our experimenta data.

In a previous study of coarsening by Ross et al. [13],
ripening occurs within an island array consisting of both
hut and dome clusters. Coarsening kinetics are dominated
by the difference in chemical potential between domes and
huts, which strongly drives dome growth at the expense
of huts. Elastic interactions between islands in this case
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FIG. 5. Mean field model results incorporating elastic interac-
tionsat large ® (solid line). Also shown for referenceis p(9) =
0, i.e., no elastic interactions, but the same ® (dashed line). The
open circles are the data of Fig. 2, scaled for comparison.
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might extend the hut—dome coexistence regime—since
transforming to the higher aspect ratio domes decreasesthe
local areal coverage. Our observations of island coarsening
are not consistent with reports of stable, noncoarsening
islands [22].

Itisuseful to consider other mechanisms that might con-
tribute to our observed coarsening kinetics. For instance,
we do not account for the small decrease in wetting layer
thickness during the hut cluster regime and during anneal-
ing. However, we note that any time-dependent decrease
of hy,(¢) does not affect our measured values for (N (z)) at
al. Further, the wetting layer also appears to decay slowly
during annealing, when we observe only “normal” Ostwald
ripening. Thus wetting layer consumption cannot explain
the novel coarsening kinetics observed during deposition.

Island faceting might generally be expected to slow
down coarsening kinetics, but since faceting does not
change during growth or annealing, this cannot explain
our results.

Previous experiments have shown that, for Ge-rich co-
herent islands, interdiffusion between the islands and the
Si substrate can occur [23]. If interdiffusion were impor-
tant we would expect it to affect coarsening during static
annealing. But, again, our static annealing experiments ex-
hibit normal coarsening kinetics, even though the anneal is
performed at the same temperature as deposition, and the
duration of the anneal significantly exceeds the total depo-
sition time. Thus we aso reject interdiffusion as the cause
of the coarsening kinetics observed during growth.

Another possible mechanism for coarsening is static co-
alescence [15], which is almost certainly occurring within
our dense island arrays. The kinetics of coarsening due
to liquidlike coalescence during deposition have been de-
rived by Beysens et al. and by Family and Meakin (FM)
[12,24]. Using dtatistical self-similarity arguments, FM
showed that for 3D islands growing in a 2D diffusion
field, (V (1)) « 3, which is consistent with our experimen-
tal results. Unfortunately, the time dependence of (N (7))
resulting from coalescence cannot be determined from
self-similarity [24], so we cannot discriminate quantita-
tively to what degree coal escence contributesto the overall
kinetics of coarsening.

In summary, using real-time light scattering during de-
position we observed novel coarsening kinetics in dense
arrays of hut clusters. Ostwald ripening is enhanced by
elastic repulsion energy between the islands, coupled with
deposition that forces the islands closer together, thereby
driving up the system energy. A three-dimensional analog
to the system described here would be the coarsening of
coherently strained precipitates from solid solution, where
coarsening and precipitation occur simultaneously. Elastic
repulsion effects would be important only for a high volu-
metric density of precipitates, and have not been observed
to our knowledge.
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