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Ge/Si(100) idand size distributions were monitored for coverages between 3.5 and 14.0 monolayers

at growth temperatures from 450 to 600 °C.

Features in these distributions are correlated with

characteristic island morphologies. The mean dome cluster size increased and the onset of idand
dislocation was delayed as the growth temperature increased. At 600 °C, very large hut clusters are
formed. This behavior is attributed to strain-assisted alloying of the Ge clusters. Energy dispersive
x-ray analysis confirms Si diffusion into the Ge clusters at 600 °C. An atomistic elastic model supports
the interpretation that aloying is driven by strain energy enhancement near the island perimeters.

PACS numbers: 68.55.—a, 68.35.Bs, 68.35.Dv, 68.35.Fx

Self-assembled quantum dots (SAQD) in heteroepitax-
ial semiconductor systems have been an area of recent
intense study. These SAQD systems provide a straight-
forward route for fabrication of nanostructures with rela-
tively uniform size and shape. It has been predicted [1]
that size uniformity throughout the dot ensemble will op-
timize their performance in possible device applications.
To achieve this uniformity, the substrate temperature 7',
deposition rate, and coverage # may be varied. Previ-
ously, we reported that higher growth temperatures can
narrow the width of Ge/Si(100) island size distributions
[2]. Until recently [3], it has been tacitly assumed that
aloying may be unimportant for SAQD formation. Here,
we report results from a systematic variation of 7 and
6 which show that Si readily diffuses into Ge clusters
for T = 550°C. This aloying results in an increased
mean dome cluster (truncated pyramids bound by {210}
and {311} facets) size and delayed defect formation with
increasing growth temperature. Further, we find that quite
large hut clusters (clusters bound by {510} facets) exist for
T = 600 °C.

Most other investigations of Ge-Si interdiffusion have
involved planar heterostructures and prolonged anneals
[4-10]. Kamins [11] showed that 650 °C annealing can
reverse the hut-to-dome transition commonly observed
during Ge/Si coherent island evolution. Our investiga-
tion, on the other hand, demonstrates that intermixing oc-
curs on the time scale of minutes during Ge/Si coherent
isanding. This aloying alters the misfit, changing the
size range over which various island morphologies may
exist [12]. Further, by altering misfit and concentration,
the band offsets [13], confinement potentials, and, ulti-
mately, the optoel ectronic properties may be affected.

The samples were grown by standard molecular beam
epitaxy techniques by depositing pure Ge onto Si(100).
Further details are presented elsewhere [2]. All samples
were prepared at growth rates of 1.4 ML/min (1 ML =
6.78 X 10' atoms/cm?) using substrate temperatures of
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either 450, 550, or 600°C. At each T, 6 ranged from
3.51t0 14.0 ML in 1.5-ML increments. Sample morphol-
ogy was determined by ex situ atomic force microscopy
(AFM). Our samples are rectangular strips cleaved from
Si wafers with the long axis paralel to (110). Orient-
ing this long axis paralel to the x-scan direction in all
AFM images allowed convenient identification of surface
crystallographic features. AFM cross-sectional analysis
identified facet contact angles, allowing the island clas-
sifications discussed below. Statistically significant is-
land size distributions were obtained by imaging large
areas of each sample. Plan-view imaging of selected
samples with transmission electron microscopy (TEM)
identified the critical size for dislocation formation, and
energy-dispersive x-ray nanoanaysis (EDX) was used for
nm-scale composition determination.

The size distributions in Fig. 1 plot the number of
islands/cm? vs the island diameter for each of the three
growth temperatures. Although the islands do not have a
circular base, we use the diameter d = 2,/A/ 7 as a con-
venient measure of their size. Within each distribution,
a range of coverages is displayed. Analysis of clusters
within the peak at the smallest diameter indicates that they
correspond either to huts [14—16] or pyramids [17]. This
peak position is unchanged, within the accuracy of AFM,
as the growth temperature increases. The largest diame-
ter peak for all three temperatures corresponds to dome
clusters [14,16]. Note that the dome peak shifts to larger
island sizes as the growth temperature increases. For ex-
ample, at & = 9.5 ML, the average dome diameter is 39,
65, and 80 nm at T = 450, 550, and 600 °C, respectively.
Moreover, as we previoudly reported [2], the normalized
width of the dome peak decreases as the growth tempera-
ture increases. o,/(d) = 0.17 at 450°C, 0.11 at 550 °C,
and 0.08 at 600 °C (o, = standard deviation of island di-
ameter and (d) = mean island diameter).

At 600 °C, a peak between the hut and dome peak is
evident which is absent at lower temperatures. Anaysis
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FIG. 1. Idand size distributions for selected coverages at the
indicated growth temperatures.

of clusters within this peak indicates that they are mor-
phologicaly similar to huts. They are bound by {510}
facets although their diameters are in the range of those
observed for domes formed at 450 °C. Figure 2 displays
a cross section of one of these large huts grown at 600 °C
and a dome of the same size grown at 450 °C. For arange
of coverages at 600 °C, these large huts may coexist with
both the smaller huts with d = 25 nm and the domes with
70 nm = d = 90 nm. As discussed below, we attribute
the existence of the large huts to Ge/S aloying. This
interpretation is consistent with the observation that the
characteristic size of various cluster morphologies scales
inversely with the square of the misfit [12,18].

For each temperature, atail extending to very large di-
ameters is evident on each dome peak. Islands within this
tail correspond to the super domes observed by Williams
[19] and dislocated islands observed by Krishnamurthy
[20]. These clusters are morphologically similar to the
coherent dome clusters at smaller sizes. However, plan-
view TEM analysis clearly showed that all clusters in
this tail contained defects such as dislocations and stack-
ing faults, whereas islands within the huts, big huts, and
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FIG. 2. 125 nm*> AFM images and cross sections along the
indicated line of alarge hut grown at 600 °C [(a) and (c)] and a
dome grown at 450 °C [(b) and (d)]. The line scan frames are
100 nm X 18 nm. The base width in (c) is as large as (d) but
the 11.5° contact angle shows it is a pyramid.

dome peaks generally remained coherent. Thus, once dis-
locations are formed, the overall island size distribution
broadens dramatically. This confirms that the chemical
potential of an island reduces upon dislocation resulting
in rapid growth [21]. Our plan-view TEM observations
confirm that the onset of island dislocation corresponds
to the large diameter edge of the dome peak. Thus, we
observe that the minimum size of dislocated islands rises
with increasing growth temperature, i.e., d. = 50, 70, and
90 nmat T = 450, 550, and 600 °C, respectively.

Figure 3 displays a dark-field scanning transmission
electron micrograph (STEM) and EDX line scan taken
aong the indicated line as obtained with a Philips CM 200
field emission electron microscope. The island in Fig. 3
is a large dome grown at 600 °C. The line scans display
the integrated counts for the Ge-L and Si-K peaks along
the line and are not absorption or background corrected.
Within the ~0.5 nm resolution of EDX, the Ge intensity
falls abruptly to background levels at the substrate while
the S intensity remains significantly above background
well into the Ge island.

Our observations that the mean dome radius, and the
minimum radius for dislocation formation, both increase
with growth temperature, and the appearance of very
large hut clusters at 600 °C, are consistent with Ge-Si
dloying. Early analytical treatments of coherent islanding
[22,23] identified a critical size for isdand dislocation
analogous to the critical thickness for dislocation of
strained layers. This critical size increases as misfit
decreases for fixed island shape. Thus, our observation
that dislocation introduction is delayed as the growth
temperature increases is consistent with aloying and
its concomitant misfit reduction. The increase in the
mean dome cluster size with growth temperature is
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FIG. 3. Dark field STEM image and EDX line scan aong
the indicated line of a dome grown at 600°C. Within the
~0.5 nm EDX resolution, the Ge-L intensity fals abruptly to
background levels in the substrate. The Si-K intensity remains
above background well into the Ge cluster demonstrating that
Si diffuses into the Ge island at 600 °C.

also indicative of Ge-Si intermixing within the context
of Schukin’s model [18] for the equilibrium size of
coherent islands. Qualitatively, Schukins' model predicts
that the balance between facet, edge, and strain energies
determines the preferred size for coherent islands. Thus,
as alloying decreases the misfit, this preferred size should
increase in agreement with our observations.

In order to gain further insight into the existence of
aloyed domes at 550 and 600 °C and very large huts at
600 °C, but not lower temperatures, we consider a ssimple
linear elastic model of coherent islands. Upon a simple
cubic substrate of lattice constant a, a simple cubic film
of lattice constant a(l + ¢) is placed. Nearest (NN) and
next-nearest (NNN) neighbor atoms interact harmonically
so that the total elastic energy of the system is given by

NS

1 1 ij

Eq =73 z Z jki,( lg,_j> N
i=all atoms j=NN,NNN 1

kij is the force constant (for the results presented here,
knn = kNNN) and Al,’j = lij - l?j with lioj belng the
relaxed bond length between atoms i and j. Equation (1)
is equivalent to summing the product of the stress and
strain tensors over the entire crystal volume. The film
comprises three atomic layers and a square-based pyramid
whose base is aigned along (100). Periodic boundary
conditions in the growth plane are employed and the
substrate bottom is a free boundary. The pyramid base
width is no larger than 1/2 of the substrate width. Thus,
the interpyramid spacing is at least twice the base width
[24]. Initially, all atoms occupy substrate atom positions

and a conjugate gradient method is used to relax the
structure finding the atomic positions minimizing the total
elastic energy (1).

Figure 4 displays plots of the substrate and film atom
interfacial elastic energies using Eg. = %ZNN, NNN
k(A1/1°)* for pyramids of 80-atom side-length lying on
a substrate which is 160 atoms wide and 80 atoms deep
with a 3-atom thick wetting layer. (a) and (b) are for 15°
and (c) and (d) are for 45° contact angles. (a) and (c)
show the bottommost film atoms and (b) and (d) show the
topmost substrate atoms. Darker grays correspond to
higher elastic energy densities. These plots are for a 5%
misfit. Each image is scaled so that black represents the
highest and white the lowest energy density within that im-
age. Clearly, theenergy densities arelargest near the pyra-
mid perimeter. This elastic energy concentration at the
cluster boundary has been found by other authors [25,26]
who have discussed its effects on coherent island growth,
however, they have tacitly assumed that it is unimportant
in driving Si-Ge intermixing as we discuss here.

Figure 5 plots the scaled elastic energy density at the
film/substrate interface for atoms in the elastic energy
maximum near the island perimeter along the (100) and
(110) directions. The scaled elastic energy density for a
film (substrate) interface atom is the value of the elastic
energy density for that atom divided by the elastic energy
of afilm (substrate) atom for a3 ML uniform film. Thus,
Fig. 5 plots the enhancement of the interfacial elastic
energy density for atoms near the isand perimeter. This
enhancement is due to the stress concentration at the

FIG. 4. Gray-scade plots of the site elastic energy for the
bottommost film atoms, (a) and (c), and the topmost substrate
atoms, (b) and (d), for pyramid clusters. Darker grays
correspond to higher energies. Each plot is scaled so that black
is the highest and white the lowest energy in that image. (a)
and (b) are for 15° and (c) and (d) are for 45° contact angles.
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FIG. 5. The scaled elastic energy density vsisland volume for
sites within the maximum near the cluster perimeter evident in
Fig. 4. Points along the indicated crystal directions are plotted
for each island volume. The scaled elastic energy density for
a substrate (film) site is the quotient of the site elastic energy
and the substrate (film) interface elastic energy of a3 ML thick
uniform film.

island perimeter and is relative to that of a planar 3 ML
thick layer.

The rise of this scaled elastic energy density with in-
creasing cluster volume is significant. Diffusion should
be enhanced in regions with high elastic energy den-
sity. Several investigations of diffusion in strained SiGe
heterostructures have indicated enhanced intermixing as
strain rises [5-7,9,10]. Thus, Figs. 4 and 5 alow us to
further explain our results. First, our observation that
domes alloy at lower temperatures than huts is consistent
with the scaled elastic energy density being larger at the
perimeter of pyramids with steeper contact angles. The
existence of large, alloyed pyramids only at 600 °C and
not at lower growth temperatures is also a consequence of
therise in the scaled elastic energy density. These alloyed
huts exist only at the highest growth temperature investi-
gated since lower temperatures are not sufficient to acti-
vate intermixing. These lower temperatures are sufficient,
however, to activate intermixing of the domes due to the
higher elastic energy density at their boundaries. We aso
briefly note that this simple elastic model explains the
composition inhomogeneity observed by Kamins [11] in
aloyed domes. They found that the Si concentration was
enhanced at the boundary of aloyed dome clusters, pre-
cisely where we predict the degree of intermixing should
be largest.

Recently, Tersoff [3] has proposed that the free-energy
barrier for nucleation of coherently strained alloy (i.e.,
SiGe) islands on a planar aloy layer, may be significantly
lowered by segregation of the high misfit component to
the island. His model indicates that no barrier reduction
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is possible for pure (i.e,, Ge islands formed on a pure
Ge layer) idands. Our observation that the hut peak in
Figs. 1(&)—1(c) is invariant with respect to growth tem-
perature supports Tersoff’s prediction. Huts alloy only
after they have existed for some time after nucleating. In-
terestingly, the sharpness of the dome peak in Figs. 1(a)—
1(c) suggests that there is a temperature-dependent equi-
librium concentration for dome clusters. That is, if there
were a range of concentrations throughout the dome en-
semble, we would expect the dome peak to broaden sub-
sequent to alloying rather than narrowing as our evidence
indicates.
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