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Abstract

The combination of nanostenciling with pulsed laser deposition (PLD) provides a flexible, fast
approach for patterning the growth of Ge on Si. Within each stencilled site, the morphological
evolution of the Ge structures with deposition follows a modified Stranski—Krastanov (SK)

growth mode. By systematically varying the PLD parameters (laser repetition rate and number

of pulses) on two different substrate orientations (111 and 100), we have observed
corresponding changes in growth morphology, strain and elemental composition using
scanning electron microscopy, atomic force microscopy and pu-Raman spectroscopy. The
growth behaviour is well predicted within a classical SK scheme, although the Si(100) growth
exhibits significant relaxation and ripening with increasing coverage. Other novel aspects of
the growth include the increased thickness of the wetting layer and the kinetic control of Si/Ge

intermixing via the PLD repetition rate.

Online supplementary data available from stacks.iop.org/Nano/23/065603/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Despite advances in organic electronics and other novel
approaches, group IV semiconductors continue to constitute
the foundation of modern microelectronics. The controlled
positioning of nanoscale semiconductor structures is of
paramount importance to their continued use, leading to
extensive studies of the self-directed formation of dot-
like structures via the Stranski—Krastanov (SK) growth
mode [1-4]. The possibility for novel optoelectronic devices
arises with the miniaturization of device components down
to the nanometre length scale, including quantum dots for

5 Present address: NRC Industrial Materials Institute, 75 de Mortagne
Boulevard, Boucherville, QC, J4B 6Y4, Canada.
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single-electron transistors, light-emitting diodes, quantum
cellular automata, etc. In this context, the SK self-assembly
of Ge/Si dots in epitaxially grown germanium overlayers on
silicon has attracted interest due to its bottom-up parallel
profile. Various features of the morphological evolution of
this system have been explored in detail, including studies
of the influence of kinetics versus thermodynamics [5-8]
and the influence of intermixing (alloying) on growth
phenomena [9-13]. Ordering and strict spatial registration of
structures is essential for electronic applications, but in most
cases SK islands exhibit poor lateral ordering since island
nucleation is statistical in nature [14].

The growth of high-quality crystalline arrays of
semiconductor nanostructures, homogeneously shaped and
sized, and precisely registered on the substrate of choice, is

© 2012 IOP Publishing Ltd Printed in the UK &the USA
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an intricate problem that has not been satisfactorily addressed
via self-assembly alone, although efforts have capitalized
on the influence of strain fields on the island nucleation or
the kinetics of the growth process [15-25]. To some extent,
order can be imposed on the SK growth process through
the use of patterned substrates. Vicinal surfaces [26-28] and
cleaved samples (cleaved edge overgrowth) [29] have been
used to control nucleation. Extensive work has also been done
using top-down techniques to pre-pattern surfaces for SK
growth. Templates for growth have included mesas [19, 20]
and holes [30, 31]. This hybrid combination of top-down
pre-patterning and bottom-up SK growth provides an efficient
methodology for the controlled positioning of semiconductor
nanostructures. Among its drawbacks, however, is the
invasiveness and increased processing time associated with
the pre-patterning step, which rapidly rise with the desired
precision and may reduce the potential for scale-up, such as
in the case of electron or ion beam lithography [14].

In this paper we describe an alternative hybrid top-
down/bottom-up approach for controlling deposition via
nanostenciling, a method which selectively deposits Ge
directly onto sites of predefined geometry and spacing without
the need for pre-patterning the surface. Pulsed laser deposition
(PLD) of Ge onto both Si(001) and (111) substrates results
in the confinement of 3D island growth within predefined
locations on the surface [32]. Herein, we describe a systematic
study of the nanostenciled Ge/Si system. We find that the
PLD-deposited Ge structures are confined exclusively to the
stencil region and that the Ge nanostructures exhibit very little
silicon intermixing.

2. Experimental details

A schematic of the experimental geometry is shown in
figure 1. PLD was performed in vacuum (=10~ mbar),
using a GSI Lumonics KrF excimer laser unit (A = 248 nm,
T = 15.4 ns pulse FWHM) and a rotating solid Ge target
(99.9% purity). Ge was deposited through the stencil onto
either Si(100) (n-type, Sb-doped, resistivity of 0.015 € cm)
or Si(111) (n-type, As-doped, 0.001-0.005 € cm). Prior
to deposition, substrates were degreased and cleaned in
ultrasonic solvent baths. To passivate the (100) surface, the
native oxide layer was chemically removed in an aqueous
HF (5%) solution, after which the samples were rinsed in
deionized water and rapidly mounted in the chamber. On
the Si(111) samples, a modified Shiraki cleaning method
(H2S04: HyO, = 4 : 1 by volume) was applied prior to oxide
stripping in a 5% HF solution.

Ge deposition was performed with a laser fluence of
4J cm™? and a repetition rate of either 1 or 10 Hz. The
size of the laser spot on the Ge target had an average
lateral dimension of 2 mm. The substrate temperature was
set at 600 °C, as measured with a K-type thermocouple on
the heating block supporting the stencil-substrate assembly.
The amount of material deposited by PLD can be easily
controlled by varying the number of laser pulses for a
certain target—substrate distance. The nominal deposition
rate for all samples was ~0.28 A/pulse, based on atomic
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Figure 1. Simplified sketch of the sample geometry, showing the
Ge target, the stencil and the Si sample.

force microscopy (AFM) measurement of the wetting layer
thickness for samples near the critical thickness for 3D island
growth (see supporting information, available at stacks.iop.
org/Nano/23/065603/mmedia).

The stencil® comprised a hexagonal pattern of circular
apertures 350 nm in diameter with a pitch of 700 nm. The
hexagonal pattern is contained in trenches 2 mm x 100 um
with an aspect ratio of approximately 4:1 (depth/width),
housed in a silicon support frame. This geometry results
in a thickness gradient on the structures patterned within
the 100 um wide stripe, i.e. lower-coverage structures were
formed towards each edge of the patterned stripe area due to
shadowing effects [33]. All data presented in this paper reflect
the growth characteristics at the centre of the patterned stripe,
where these shadowing effects are negligible.

The actual size of the sites patterned onto the silicon
surface is dictated by the geometry of the experiment, and
depends strongly on the spacing between the stencil and the
sample [34]. The gap between the stencil and sample should
be as small as possible, but this spacing can vary due to
substrate or stencil irregularities, particulates or distortion
of the stencil. In these experiments, the sample and stencil
were both carefully cleaned prior to use, the stencil was held
as firmly as possible against the sample and the resulting
separation was inferred from the size of the stencilled features.
The spacing between the substrate and the sample was not
directly measured.

The same stencil was used in consecutive depositions
for various numbers of ablation pulses. With repeated use,
the accumulation of Ge on the stencil caused a reduction in
aperture size. After ten successive depositions, corresponding
to a total deposited thickness of about 300 nm, the lateral size
of the deposited sites was reduced by ~10%. The deposited
Ge could be removed by dipping the stencil in warm hydrogen
peroxide (H>O;) and subsequently rinsing in water. In trials
using a similar stencil with smaller openings, we were able to
produce a pattern of 96 nm germanium circles on the silicon

6 Stencils fabricated at Aquamarijn Filtration (The Netherlands).
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Figure 2. SEM images of patterned Ge structures formed at 600 °C via PLD through a nanostencil. Samples were fabricated on Si(100) and
(111) with different numbers of PLD pulses, n, and a laser repetition rate of 10 Hz, and on Si(111) at a laser repetition rate of 1 Hz. A
500 nm scale bar is indicated in white in the lower right corner of each image.

surface using stencil openings of 85 nm diameter. However,
these small openings were extremely prone to clogging,
making the type of variable-coverage study described here
untenable [33].

Structural characterization of the patterned Ge islands
was performed via contact-mode AFM, using a Veeco
Nanoprobe equipped with a general purpose cantilever
(SizNg4, tip apex radius 20 nm) and scanning electron
microscopy (SEM), using a JEOL JSM-6300F. SEM and
AFM images were calibrated via the 700 nm pitch of
the stencilled sites. Further information was obtained from
micro-Raman spectroscopy, a surface-sensitive technique
particularly suitable to extract information about elemental
composition and strain inside group IV semiconductor
nanostructures [35, 36]. The Raman measurements were
carried out at room temperature by probing the patterned area
with the 514.5 nm line of an Ar™ ion laser focused with a spot
size of about 1 um, i.e. each spectrum is collected from a few
stencil sites.

3. Results

To systematically investigate the growth processes of
stencilled Ge on Si, a number of samples were prepared under
different conditions. Figure 2 shows SEM images obtained
from each of the samples.

At low Ge coverage, smooth 2D mounds are formed
on both Si(100) and (111). The SEM images in figure 2
illustrate this growth at 250 laser ablation pulses (equivalent
deposited thickness ~7 nm). AFM measurements indicate
typical thicknesses for the smooth wetting layer of 67 nm
on the (100) surface and 3—-5 nm on the (111) surface. The
substrate region between the stencil sites remains flat and
uniform.

Beyond the critical (wetting layer) thickness, growth
proceeds through the formation of three-dimensional islands.
The morphology of these islands is markedly different

between the Si(100) and (111) surfaces: whereas each stencil
site on Si(100) hosts a small number of large islands that
gradually coalesce with increasing Ge coverage, the islands
on (111) are smaller and remain discrete to at least 2000
laser pulses, corresponding to a nominal thickness of 56 nm.
AFM measurements (not shown) do not reveal well-defined
faceting on the 3D islands on either substrate but indicate that
the maximum height of the islands increases with coverage.
The maximum island height, measured from the wetting layer,
increases from 32 &+ 4 nm at 750 pulses to 53 £ 4 nm at 1250
pulses on Si(100), and from 20 4+ 4 nm at 1000 pulses to
42 £ 5 nm at 2000 pulses on Si(111) (1 Hz). Variation in the
laser repetition rate was also found to affect the island growth.
For the structures grown on Si(111), 1000 pulses at 1 Hz
(figure 2) produced fewer larger dots than in the counterpart
sample prepared at 10 Hz.

Statistical analysis of the SEM images confirms these
qualitative trends, as shown in figure 3. On Si(100) the
distribution in the number of dots per site shows an average of
~3, with a standard deviation of &1, for 750 pulses. The mean
number of islands converges towards unity with increasing
coverage of Ge. Conversely, the statistics for the 1 Hz samples
on (111) show less sensitivity to coverage. The distributions
have means of =11, for both 1000 and 2000 pulses, with
the standard deviation slightly increasing from 2.1 to 2.5,
respectively. The distribution for the sample grown at 10 Hz
has a higher mean number of islands, ~24, with a relatively
small standard deviation of 2.2.

The corresponding major axis lengths for the 3D islands
are shown in figure 4. The samples prepared on Si(100) have
much larger islands than the samples prepared on Si(111). The
(100) islands sizes are broadly distributed after 750 pulses,
with an average size of 115 nm, and a standard deviation of
49 nm. Increasing the Ge coverage to 1250 pulses increases
the average island size to 315 nm, with the distribution
narrowing to a standard deviation of 40 nm. Finally, at 1500
pulses, the island size converges towards 274 nm, with a
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Figure 3. Number of 3D islands per stencil site for samples similar
to those shown in figure 2. The mean and standard deviation for
each of the normalized distributions is shown in the figure.

standard deviation of 25 nm. The increase in lateral size
with coverage is less pronounced on the Si(111) substrate. In
going from 1000 to 2000 pulses, the mean size increases from
28 nm to 53 nm, accompanied by a broadening of the size
distribution.

The average diameters for the stencilled sites are also
shown in figure 4. The site size varied from 2410 nm for the
samples grown on Si(111) at 1 Hz, as well as the 1500 pulse
Si(100) sample, to 490 nm for the 1250 pulse, Si(100) sample.

The p-Raman spectra are shown in figure 5. The
spectra are consistent with those expected for Si/Ge hybrid
structures [37], and we assign the dominant phonon peaks
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Figure 4. Major axis length distributions of 3D islands for samples
similar to those shown in figure 2. The mean and standard deviation
for each of the normalized distributions is shown in the figure. The
dashed lines indicate the average diameter of the stencilled sites for
each sample.

accordingly: Ge-Ge at ~300 cm~!, Si-Si at 520 cm™! and
Ge-Si at 2400 cm™!. The spectra from the samples grown on
Si(100) do not contain a Si—Ge peak, indicating no detectable
intermixing. On these samples, the Ge—Ge peak shifts down in
frequency as the number of pulses increases, consistent with
a progressive relaxation of strain with increasing coverage.
Notable features of the spectra obtained from Si(111) include
the presence of a Ge—Si peak for the samples prepared at 1 Hz,
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Figure 5. -Raman spectra for Ge patterned onto Si(100) (top) and
Si(111) (bottom). The approximate locations of the Ge-Ge, Ge—Si
and Si-Si peaks are identified with grey shading. The traces have
been offset from one another for clarity.

indicating Si—Ge intermixing, and the separation of the Ge-Ge
peak into two components, which is particularly marked in the
2000-pulse sample. As in the case of the Si(100) samples, no
intermixing is detected in the sample prepared at 10 Hz.

The phonon peaks in figure 5 were fitted with Lorentzian
functions, and the spectral positions obtained for the Ge—Ge
and Si-Ge peaks (in cm™') were used to calculate the
composition (x) of the Sij_,Ge, alloy and the in-plane strain
(€)) by applying the empirical relations from [36]:

WGe—Ge = 284 4 5x + 1247 + bGe_Ge€| (1)
wsi—Ge = 400 + 29x — 95x% + 213x> — 170x* + bgi_gee|.

2

For samples grown on Si(100) we used the values of the

phonon strain-shift coefficients bge—ge(100) ~ —460 cm™!

and bsj_ge(100) ~ —555 cm™!, determined by Reparaz et al
[38]. For samples grown on Si(111) the biaxial strain splits

Table 1. In-plane strain (¢)) and composition (x) of the Si;_,Ge,
alloy extracted from p-Raman data.

WGe—Ge WSi—Ge

Sample (cm™) (em™h) € X
Si(100)
10 Hz, 250 pulses 302.7 — —04% +02% 1

10 Hz, 750 pulses 3024 — —03%+02% 1
10 Hz, 1250 301.0 — 0% + 0.2% 1
pulses
10 Hz, 1500 3014 — —0.1% £02% 1
pulses
Si(111)
1 Hz, 1000 pulses ~ 304.7 3964 —12%+0.2% 093+0.2
1 Hz, 2000 pulses 3009 — 0 1
3057 3955 —14%+02% 0.94+0.2
10 Hz, 1000 3044 — —0.7% £ 0.2 1
pulses

the triply degenerated LO-TO optical phonon branches into
two components: a singlet LO and a doublet TO branch. We
calculated the phonon strain-shift coefficients for these modes
as explained in [39] using the phonon deformation potentials
p and g from [38]. The two different notations are related
by K = p/a)(z), Ki» = q/a)(z). The component Kus = r/a)g
was taken to be that of Ge for the Ge-Ge mode and the
average of the Si and Ge values for the Si—-Ge mode [38].
The resulting strain-shift coefficients are bge—ge(111, d) =
—668 cm™!, bge—ge (111, 5) & —152cm™, bsi_ge (111, d) =~
—835 cm™! and bsi_ge(111,5) ~ =307 cm™!, where d
and s stand for doublet and singlet, respectively. Although
one of the samples on Si(111) showed a double peak,
cf figure 5, this splitting is not attributed to these two
components. In fact, in the experiments we could not resolve
the singlet because the observed peak positions were almost
insensitive to polarization. Therefore, the Raman modes
that we observe on the Si(111) samples must correspond
to the more intense doublet TO modes only [39]. Using
the strain-shift coefficients given above we obtained the
composition and strain values as tabulated in table 1.

4. Discussion
4.1. Stencilling as a methodology

The circular profile of the deposited regions of Ge directly
reproduces the shape of the apertures in the stencil. This
fidelity may be linked to a combination of effects: (i) a
strong confinement of the PLD-generated Ge flux, (ii) limited
diffusion across the substrate (see below) and (iii) enhanced
corner diffusion, observed to take place when highly energetic
species arrive at the substrate [40], which promotes circular
structures. The confinement of the Ge flux is further indicated
by the lack of observable structures on the substrate between
the stencil sites. This is seen to occur despite the fact that
typical Ge diffusion lengths [41] on clean Si at 600 °C should
range from &2 x 10? nm (Si(111), 250 pulses) to as much as
~2 x 10* nm (Si(100), 1750 pulses). The lack of island growth
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between the stencil sites may be due to inhibition of either
diffusion or nucleation in these regions, which could occur
due to the presence of an oxide layer, as has been observed, for
example, in nanostructured oxide patterns [42]. We note that
under ultrahigh vacuum conditions, where oxide formation is
negligible, Sn and Ag are observed to diffuse hundreds of
nanometres from similar stencil sites on Si(100) [34]. In our
experiments, the presence of O in the relatively high chamber
background pressure leads to the dynamic development of
the oxide at high temperature, which appears to passivate the
regions of the Si substrate between the aperture sites against
Ge growth. This effect is suppressed within the stencil sites by
the direct flux of energetic Ge impinging on the surface.

For all samples, the size of the patterned regions on
the substrate was larger than the 350 nm opening in the
stencil. This spreading is a geometrical consequence of the
experimental geometry, and for our fixed source—sample
spacing, depends on two variables: the size of the source, i.e.
the size of the laser spot on the target and the spacing between
the stencil and the sample (see supporting information,
available at stacks.iop.org/Nano/23/065603/mmedia). Taking
the average laser spot size of 2 mm, the corresponding
sample—substrate spacings were estimated to be between 1.8
and 4.2 pm, although it is not obvious whether the variation
in the size of the patterned sites is solely due to differences in
the stencil positioning, or whether fluctuation in the laser spot
size also contributed.

4.2. Growth mechanisms

Wetting layer. The stencilled growth of Ge on Si can
be described as a modified Stranski—Krastanov process. In
conventional SK growth, typically observed critical values are
2-3 atomic bilayers (0.63-0.95 nm) for Ge on Si(111) [43]
or 3-5 monolayers (0.4-0.68 nm) for Ge on Si(001) [44].
Our observed values are about five times larger for the (111)
surface and about ten times larger for the (100) surface.
These anomalously high critical thickness for the onset of
3D nucleation can be explained by invoking the small size
of the deposited areas. The discrete sites may benefit from
mechanisms for lateral strain relief at their periphery, thus
delaying the strain-induced 3D nucleation of islands [45]. The
fact that we see a thicker wetting layer on (100), as opposed to
(111), may indicate that dislocation nucleation is more facile
on the (100)-oriented stencil sites.

Island nucleation and growth. In traditional SK growth
of Ge on Si, the nucleation of the 3D islands occurs nearly
simultaneously across the substrate [46]. Nucleation is a
statistical process which requires a critical density of mobile
atoms. In turn the density of mobile atoms results from
the competition of deposition and capture from the growing
islands. Therefore nucleation ends when the separation
between the islands becomes a fraction of the diffusion length
of the mobile atoms, with the exact value depending on factors
such as the deposition rate, diffusivity and critical size of
stable nuclei [14]. After nucleation, the islands continue to
grow at constant density at least until ripening begins.

Consistent with this picture, the histograms in figure 3
show that, at 1 Hz, the density of 3D islands per site has
nearly identical values for 1000 and 2000 pulses. Evaluation
of the size distribution for the same samples (figure 4) shows
a fairly narrow distribution in the case of the sample prepared
for 1000 pulses with a mean value of 28 nm, whereas a mean
value of 53 nm (major length) and a broader distribution is
found for the islands grown at 2000 pulses. This broader size
distribution at 2000 pulses is not an immediate consequence
of growth kinetics, and may point to the onset of Ostwald
ripening. The increase in average size with deposition is
clearly associated with SK growth at constant island density.
However, the increase of island width occurs significantly
faster than expected for expansion occurring exclusively
from the deposited material (i.e. the size does not scale as
expected with the number of pulses beyond the wetting layer),
suggesting the possibility of additional material sources for
island growth, such as from the erosion of the wetting
layer [47, 48].

The higher density of islands for the same substrate at
a PLD repetition rate of 10 Hz is clearly associated with a
higher incidence of nucleation, which results from the higher
supply of mobile atoms at constant diffusivity feeding their
density. The increased deposition rate also has a direct impact
on the nucleation density. As shown in figure 3, for samples
prepared on Si(111) at 1000 pulses, a laser repetition rate of
1 Hz produces roughly half the density of dots produced at a
rate of 10 Hz. This is consistent with the power law increase in
nuclei density with deposition rate, which occurs as a general
consequence of SK kinetics [49-52].

The nucleation behaviour on the Si(100) surface is
markedly different, as shown by the small number of islands
on the 750-pulse sample. This decreased nucleation density
may be due to an enhanced diffusion and possibly a larger
critical size for the stable nuclei under the specific conditions
imposed by nanostenciling. Contrary to the Si(111) samples,
which do not show a marked change in island density with
coverage, islands on the (100) samples are observed to ripen
and coalesce with increasing coverage, finally converging
to a single island per stencil site at 1500 pulses. This is
also consistent with increased diffusivity, and may also be
influenced by the nearly complete strain relaxation (see below
for further discussion).

Island crystallinity, composition and strain. The Raman data
for these samples provide more insight into the mechanisms
underlying the observed morphologies. The spectral shape
and position of the Ge—Ge phonon mode (figure 5) indicates
that all patterned structures are crystalline. The blueshifting
of the peak away from the bulk value at around 301 cm™!
indicates the presence of compressive strain, a hallmark of
Ge/Si epitaxial growth. Another important feature of the
recorded spectra is the Si—Ge peak, observed for the samples
prepared at 1 Hz, which implies Si—Ge intermixing. Table 1
tabulates the calculated intermixing and strain based on
the locations of these peaks. The 1000-pulse sample has
x =0.93 £ 0.2 and is compressively strained by —1.2 &
0.2%. The 2000-pulse peak contains two components. The
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low-frequency component indicates slightly less intermixing
(x =0.94 £ 0.2) than the 1000-pulse sample, as well as
a slight increase in strain (—1.4 £ 0.2%). However, most
of the intensity in the Ge-Ge peak for the 2000-pulse
sample is contributed by an unstrained, pure Ge component’.
The emergence of this component may be due to the
rearrangement of the strained islands indicated at 1000 pulses,
e.g. due to the nucleation of misfit dislocations above a critical
island size and/or a feature of the additional material deposited
onto the islands, which may or may not maintain the epitaxial
relationship to the substrate.

The unusually large thickness of the wetting layer in these
experiments precludes some of the conventional mechanisms
for the relaxation of Ge dots on Si, which rely on the
sourcing of Si from the substrate [53], so the relaxation
of these islands must depend heavily on the formation of
dislocations. It is also interesting to note that, using traditional
growth methodologies, it can be difficult to produce Ge-rich
structures in Ge/Si growth, since energetics favour the
intermixing of Si into Ge (but not vice versa) [54]. Hence,
this growth methodology provides access to a stoichiometric
regime not normally achieved.

The Si—Ge peak is absent from the Raman spectra for all
the samples prepared on (111) at 10 Hz, suggesting that the
Si—Ge intermixing is kinetically suppressed. This is confirmed
through the lack of intermixing observed for the Si(100)
samples, all of which were prepared at 10 Hz.

According to table 1, an almost complete relaxation of
the misfit strain occurs for the samples grown on Si(100).
This relaxation plays a critical role in the growth and
ripening of the islands and enables large lateral sizes and
coalescence, with the structure evolving to a single island
per site on the samples grown at 1500 pulses. Interestingly
the coalescence of these islands is accompanied by some
anomalous behaviour, with the mean length decreasing and
the misfit strain increasing slightly in going from 1250 to
1500 pulses. Together, these changes indicate ripening, which
smooths asperities that may have contributed to the size and
very efficient strain relief for the 1250-pulse sample. The
lateral width of the wetting layer correspondingly decreases
between the 1250- and 1500-pulse samples, further suggesting
that these large, ripened islands are directly size-constrained
according to the diameter of the patterned sites.

5. Conclusions and outlook

The stencilled PLD growth of Ge on Si provides new
opportunities for controlling the growth of nanoscale group
IV structures. The stencil used in this study produced a pattern
of circular structures, each ~15-40% larger than the 350 nm
stencil openings. Since this spreading depends on both the
evaporation source size and the distance between the stencil

7 This interpretation rests on the association of the observed Si—Ge peak
with the higher-frequency component of the Ge-Ge peak and the assumption
that the lower-frequency Ge-Ge component is not associated with any
intermixing. Although the frequency of the corresponding singlet would be
300.7 cm~ 1, both the high intensity of the observed peak and the absence of
a split Si—Ge peak reinforce the given interpretation.

and the sample, it can presumably be minimized by reducing
the size of the laser spot on the PLD target, while at the same
time taking care to ensure good sample—stencil contact.

Within each stencil site, the growth process is largely
consistent with SK growth, and begins with the formation
of a thick wetting layer. The layer thickness was slightly
larger for (100) samples than (111), suggesting that strain
relief via dislocation formation occurs more easily on the
former. The completion of the wetting layer is followed by
the nucleation of three-dimensional islands. On Si(111), the
island density is found to be higher for a 10 Hz PLD repetition
rate than for a 1 Hz rate, and the density does not change with
coverage, as expected within the SK regime. On Si(100), the
initial nucleation density is much lower than on (111), and the
evolution of growth with coverage is strongly dominated by
coalescence and ripening. For the highest-coverage samples
studied, the final structure evolved to a single island, the size
of which appeared to be directly related to the size of the
stencilled site. The u-Raman measurements indicate that the
structures on Si(100) are nearly fully relaxed, whereas more
strain is present in all of the samples on (111).

This approach produces novel growth characteristics
when compared to its conventional counterparts. The
anomalously thick wetting layer may suppress Si intermixing
into the 3D islands and the PLD repetition rate can further
be adjusted to suppress intermixing. The oxide-covered
substrate regions between the stencil sites did not exhibit
any Ge accumulation, providing for excellent fidelity in the
transfer of the stencil pattern. These factors could make this
method attractive for the production of Si—Ge islands with a
Ge-rich stoichiometry, which provides a counterpoint to other
patterning methods that promote silicon intermixing [55].
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