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The authors investigate, by atomic-force-microscopy-based nanotomography, the composition
evolution of ordered SiGe islands grown on pit-patterned Si (001) substrates as their size and
aspect ratio increase with increasing Ge deposition. Compared to islands grown on flat substrates,

the ordered island arrays show improved size,

shape, and compositional homogeneity. The

three-dimensional composition profiles of individual pyramids, domes, and barns reveal that the Ge
fraction at the base and in subsurface regions of the islands decreases with increasing amount of
deposited Ge. © 2010 American Institute of Physics. [doi:10.1063/1.3514239]

The alloy distribution in strained epitaxial islands ob-
tained in the Stranski—Krastanow growth mode is crucial in
determining their optical and electronic properties. When
the growth is performed on planar substrates, the island en-
sembles are characterized by rather broad size and shape
distributions because of the stochastic processes responsible
for their growth.lf4 Island coarsening, consisting in the
growth of larger islands at the expense of smaller ones
through material exchan 5ge also contributes to the broaden-
ing of the distributions.” In contrast, when growth is per-
formed on regularly spaced pit-patterned substrates, the driv-
ing force for coarsening is effectively reduced.”"" Each pit
can be in fact considered as the center of a capture zone and
represents a local minimum of the chemical potential. Our
recent studies have focused on the morphological evolution
of SiGe island arrays on pit-patterned substrates.®

In this letter, we focus on the compositional evolution of
ordered SiGe islands, which we study by a nanotomography
technique relying on selective wet chemical etching and
atomic force microscopy (AFM).'*!> We find that the island
arrays on patterned substrates are not only morphologically
but also compositionally homogeneous and each island
shows a symmetric alloy distribution. In contrast, for islands
on planar substrates, slight lateral asymmetries in the com-
position are generally observed, even for islands with an ap-
parently symmetric shape. With increasing Ge deposition, all
islands on patterned substrates evolve simultaneously in size,
shape, and composition. Finally, the detailed analysis of the
composition profiles of islands at different stages of their
evolution (pyramids, domes, and barns)S’13 reveals that the
Ge fraction at the base and in subsurface regions of the is-
lands slightly decreases with increasing amount of deposited
Ge.

The samples were grown by molecular beam epitaxy
(MBE) on planar Si (001) substrates and two-dimensional
(2D) patterned ones with a period of 500 nm and pit depths
and diameters of ~65 nm and 350 nm, respectively. Before
loading into the MBE chamber, the Si substrates were dipped
in a HF solution to create a hydrogen terminated surface.
After 45 nm of Si buffer growth, 6.0, 9.0, and 12.0 mono-
layers (MLs) Ge were deposited at a substrate temperature of
720 °C and at a Ge growth rate of 0.03 A/s. For comparison,
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8 ML Ge were deposited on a planar Si substrate using the
same growth conditions. Correspondingly, we obtained, for
increasing Ge amounts, uniform arrays of pyramids, domes,
and barns on patterned substrates, and randomly distributed
islands on the planar substrates. The SiGe islands of different
shapes were etched at room temperature in NHH solution
[1:1 vol.(28% NH,OH):(31% H,0,)], which selectively
etches Si;_,Ge, alloys over pure Si and shows an exponen-
tially increasing etching rate with the Ge fraction x. 1214 The
surface morphology was recorded using AFM in tapping
mode.

Figures 1(a)-1(d) show a sequence of 3D AFM images
of the same surface area obtained after deposition of 12 ML
Ge (barn-shaped islands) and after subsequent selective etch-
ing in NHH for 100, 280, and 500 min. We see that (i) for all
the islands SiGe is etched symmetrically and (ii) the homo-
geneity of the shape and size of the residual island material is
preserved after different etching times. (i) Indicates a sym-
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FIG. 1. (Color online) Sequence of 3D AFM images of the same surface
area obtained after deposition of 12 ML Ge on patterned Si(001) with a
period of 500 nm at 720 °C (a) and after selective etching in NHH solution
for 100 (b), 280 (c), and 500 min (d). (e) and (f) Horizontal cross-cuts of the
islands shown in (a) with in-plane Ge compositions at heights of 36 nm and
10 nm with respect to the level of the island bases. (g) Vertical cross-cut of
the Ge content across one island row shown in (a) passing through the island
centers along the [110] direction.
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FIG. 2. (Color online) AFM images of a sample obtained after deposition of
8 ML Ge on planar Si(001) at 720 °C (a) and after selective etching in NHH
solution for 55 min (b). The dashed circle in (a) marks a barn-shaped island.
(c) Horizontal cross-cut of the islands shown in (a) with in-plane Ge com-
position at a height of 4 nm with respect to the level of the substrate. (d)
Vertical cross-cut of the marked island shown in (a) with color-coded Ge
distribution, passing through the island center along [110] direction.

metric Ge distribution for all islands and (ii) demonstrates
that different islands in the array have similar composition
distributions. Figures 1(e) and 1(f), respectively, show the
horizontal cross-cuts parallel to the (001) plane of the Ge
distribution for islands shown in Fig. 1(a) at heights of 36
and 10 nm, with respect to the level of the island bases.
Figure 1(g) shows the vertical cross-sectional Ge composi-
tion on the (110) plane passing through the centers of one
row of islands. A symmetric Ge distribution is clearly seen
and all islands show similar Ge composition profiles within
the uncertainties, which mainly originate from the registering
of the AFM images after different etching steps.12 (We note
that, different from the results presented in Ref. 12, the is-
land surface remains smooth after etching.)

In contrast, on planar substrates, islands obtained after
the deposition of 8 ML Ge show a relatively broad size dis-
tribution with transition barns, barns and even dislocated su-
perdomes, as shown in Fig. 2(a)—a superdome is seen on the
top right corner of the image. Figure 2(b) displays the AFM
image of these islands etched for 55 min in NHH and Fig.
2(c) shows their in-plane Ge composition at a height of
4 nm above the substrate level. For most of the coherent
islands, slight lateral asymmetries in the composition associ-
ated with shape as;/mrnetries are observed, similar to previ-
ous observations.' Interestingly, the island composition is
asymmetric even for barns with an apparently symmetric
shape [see the island marked by dashed circle in Fig. 2(a)].
Such an asymmetry is well noticeable in Fig. 2(d), which
shows AFM linescans obtained at different etching stages
and the derived cross-sectional Ge composition.

Islands grown on planar surfaces differ from islands
grown on pit patterned substrates not only for their asymmet-
ric composition profiles but also for the values of average Ge
content x and volume: x is about 17% higher for barns on
planar substrates (x~35%) than on patterned substrates (x
~30%), in agreement with recent x-ray diffraction measure-
ments showing a smaller Ge content for islands on pits;15 the
average island volume for islands on planar substrates (~4
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X 10> nm?) is about 2.5 times smaller than on patterned sub-
strates (~10° nm?). We mainly ascribe these differences to a
larger availability of Si flow on patterned substrates from the
terraced pit sidewalls,16 where the Si substrate is covered on
average by a thinner Ge wetting layer.]7 The larger availabil-
ity of Si leads to enhanced Si—-Ge intermixing.

Since the island arrays remain homogeneous in shape,
size and composition at all investigated stages of growth, we
limit in the following the discussion to the compositional
evolution of single islands. Figures 3(a)-3(i) show a se-
quence of 3D AFM images of individual islands prior to
etching and after different etching times in NHH for a pyra-
mid [(a)-(c)], a dome [(d)—(f)], and a barn [(g)—(i)], respec-
tively. For all types of islands, the etching profiles are sym-
metric after different etching steps, indicating a symmetric
Ge distribution. For the pyramid, the material at the edges is
etched faster than at the corners [Fig. 3(b)], demonstrating
that the corners are enriched with Si.'®!" However, these
features are not observed for the domes and barns, indicating
a Ge redistribution during the evolution from pyramid to
dome and barn. Figures 3(1)-3(n) show the in-plane Ge dis-
tributions for the different shapes at a height of 10 nm with
respect to the level of the island bases,”’ while Figs.
4(a)-4(c) show AFM linescans at different stages of NHH
etching and the derived cross-sectional Ge compositions.
Both from the horizontal [Figs. 3(1)-3(n)] and vertical [Figs.
4(a)—4(c)] cross-cuts, we observe that at the bottom of the
islands, e.g., at a height of 10 nm above the island base, the
Ge fraction drops from ~35% to 31% when a pyramid
evolves into a dome, while no clear changes are observed
when a dome transforms into a barn [see also Figs. 4(d) and
4(e)]. Furthermore, after the almost complete removal of the
SiGe in the islands in NHH,14 the bottom of the pit is ~9 nm
lower than the island base for the pyramid, while it is only
~5 nm lower than the island base for the dome and is almost
at the same level of the island base for the barn, as seen by
comparing the bottommost linescans in Figs. 4(a)-4(c).
These results indicate that the Ge content at the island base
decreases as the island grows in size and is less than 10% for
the barns after 12 ML Ge.

By assuming that shape transitions from pyramid to
dome and from dome to barn are simply accomplished by

progressive material accumulation at the island surface in a
4521

layer-by-layer fashion, we would expect to find a pyra-
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FIG. 3. (Color online) Sequences of 3D AFM images of individual islands
prior to etching and after different etching times in NHH solution for pyra-
mid [(a)—(c)], dome [(d)—(f)], and barn [(g)-(i)], respectively. [(1)~(m)] Hori-
zontal cross-cuts of the pyramid, dome, and barn with in-plane compositions
at a height of 10 nm with respect to the level of island bases.
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FIG. 4. (Color online) Cross-sectional Ge compositions on (110) planes passing through island centers for a pyramid (a), a dome (b), and a barn (c), grown
on pit-patterned Si(001) at 720 °C. The level of the island bases is set as zero. [(d) and (e)] Ge compositions along the growth direction and the lateral [110]
direction at a height of 10 nm with respect to the level of island bases, passing through the island centers for pyramid, dome, and barn, respectively.

mid (more precisely, the Ge distribution in the pyramid) “in-
side” the dome and a dome “inside” the barn.'> However, the
comparison of Figs. 4(a)-4(c) and of the linescans of Ge
composition along the growth direction shown
in Fig. 4(d) indicates that the data are not fully compatible
with this picture. In fact, as noted above, the bottom region
of the islands becomes Si-richer as pyramids transform into
domes and barns. Furthermore the top and Ge-rich region
(x~38%) of the dome is replaced by a Ge-poorer region
(x~32%) in the barn, while the underlying Ge rich core is
almost preserved. Finally the horizontal linescans for domes
and barns shown in Fig. 4(e) indicate that there is a Si-rich
shell (dip in the linescans) which appears to shift outwards
when the domes transform into barns.

For islands grown on planar substrates, it has been pre-
viously shown that Si—Ge intermixing mainly occurs through
surface diffusion and that islands change shape by accumu-
lation of material at their surface.””' However the results
presented in Fig. 4 (for instance the Si enrichment of the
island base) can be hardly explained by surface diffusion
only. Although most of the Si incorporated into the islands
must come from the surrounding substrate regions, the com-
plex compositional evolution accompanying the island
growth suggests that also “intraisland diffusion” occurs dur-
ing Ge deposition.22 This phenomenon was reported to take
place, even at lower substrate temperatures, during annealing
experiments in conditions inhibiting Si surface diffusion.”” In
our case we argue that the pits, by effectively pinning the
island positions,23 limit the efficient surface-mediated inter-
mixing which is associated with island motion®! and asym-
metric composition profiles seen on planar surfaces (see Fig.
2). On the other hand, further experimental and theoretical
work is needed to understand the mechanisms responsible
for the fine but complex compositional gradients observed in
SiGe islands grown on pit-patterned substrates.

In summary, we have investigated the Ge composition
for islands both on patterned and planar substrates by AFM-
based nanotomography. On patterned substrates the islands
in an array have very similar composition distributions and
each island shows a symmetric alloy distribution. Further-
more, the comparison of the Ge distributions in pyramids,
domes and barns indicates that a redistribution of material
involving not only surface processes occurs as the islands
grow on pits.
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