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Prismatic Ge-rich inclusions in the hexagonal SiGe shell of GaP-Si-
SiGe nanowires by controlled faceting

Roberto Bergamaschini,*? Rianne C. Plantenga, *® Marco Albani,? Emilio Scalise,? Yizhen Ren,? Hakon
Ikaros T. Hauge,? Sebastian Kélling,°t Francesco Montalenti,® Erik P. A. M. Bakkers,® Marcel A.
Verheijen,? and Leo Miglio?

The formation of Ge-rich prismatic inclusions in the hexagonal SiGe shell of GaP-Si-SiGe nanowires is reported and discussed
in connection to a growth model that explains their origin. An accurate TEM/EDX analysis shows that such prisms develop
right on top of any {11-20} facet present on the inner GaP-Si surface, with the base matching the whole facet extension, as
large as tens of nanometers, and extending up to a thickness comparable in size within the SiGe shell. An enrichment in Ge
by around 5% is recognized within such regions. A phase-field growth model, tackling both the morphological and
compositional evolution of the SiGe shell during growth, is exploited to assess the mechanism behind the prism formation.
A kinetic segregation process, stemming from the different surface mobility between Ge (faster) and Si (slower), is shown
to take place, in combination with the evolution in the SiGe shell morphology. Actually, the latter moves from the one
templated by the underlying GaP-Si core, including both {10-10} and {11-20} facets, to the more energetically convenient
hexagon, bounded by {10-10} facets only. Simulations are shown to accurately reproduce the experimental observations for
both regular and asymmetric nanowires. It is then discussed how a careful control of the GaP core faceting, as well as a
proper modulation of the shell growth rate, allow for a direct control on the appearance and size of the Ge-rich prisms. This
tunability paves the way for a possible exploitation of this lower-gap regions for advanced designs of band-gap-engineering.

Introduction

Nanowires (NW) are a clear manifestation of how far the growth
kinetics may divert a system from its absolute thermodynamic
minimum. The intrinsic low-dimensionality and axial symmetry
return unique properties, totally different from the bulk or from
a conventional planar film. NWs can be proficiently exploited as
a platform for building integrated heterostructures,> both on-
axis and radially, as in the widely exploited core-shell
architecture. Complex multi-layered shells, obtained by
alternating the deposition of different compounds, are
commonly reported in the literature for fabricating concentric
quantum-wells with carefully designed band-structures.3#
Potential applications space within  optoelectronics,?
photovoltaics,” lasers,® quantum computing,” ... . Using a NW as
“substrate” for heteroepitaxy may also be a convenient strategy
to fabricate meta-stable materials, not accessible by standard
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growth. For example, in Ref. 8 GeSn shell layers, with Sn content
exceeding by far the thermodynamic solubility of Sn in Ge, have
been obtained on Ge core wires thanks to the enhanced strain
relaxation offered by the axial morphology with respect to a
planar one. Another key example is the recent achievement®10
of Si and Ge in their hexagonal phase (lonsdaleite), thanks to the
templating effect of a wurtzite (GaP or GaAs) NW core.

When alloy materials are deposited as shells, segregation
effects are frequently observed, resulting in a complex interplay
between morphology and composition. A wide literature®11-15
shows that ternary III-V shells on core wires ubiquitously
develop nanometre-thin spokes departing from the core edges
and extending to the shell ones, eventually modulated by
polarity effects.1617 A similar feature was also reported in Ge-
GeSn core-shell NWs.818 The formation of these non-
uniformities has been attributed to a difference in mobility
between the growth species giving one species an advantage
over the other when diffusing away from the high-energy area
of shell facet edges.!® More complex patterns, with multiple
radial lines, have been recently reported in GaAsP shells,2° while
in Ref. 3, the segregation stripes were found to open into three-
dimensional quantum dots. Sunburst-like segregation has been
also reported for quaternary alloys, as in the case of
AlGalnAs/GaAs in Ref. 21 where it overlaps to broader
segregation of In, possibly resenting of strain relaxation. Strain
was also recognized as a driving force for the formation of
nanodisks by Bi segregation in coaxial GaAs/GaAsBi/GaAs core—
multishell NWs.22
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Additional features emerge when different sets of facets
compete on the growth front, i.e. when the core faceting differs
from the one of the growing shell. Prism-like structures have
been reported %12 for the overgrowth of a GaAs NW with an
AllInP shell when facet rotation is observed during shell
overgrowth. In-rich triangular prisms were also found in GaN-
InGaN core-shell systems,?®> forming on top of {11-20}-
nanofacets present in between the main {10-10} facets of the
GaN core, similar to the GaN wires obtained at facet edges of
GaN/AIN templates in Ref. 24. In Ref. 25, kinetic segregation
into prism-like structures was also recognized in Ge-GeSn NWs
in consequence of faceting transition, depending on the growth
conditions. Coexistence of wires and dots at NW edges,
resulting by on-axis twinning, has also been reported.?® Facet-
dependent incorporation dynamics was also found to be
responsible of non-uniform composition profiles, even during
the droplet-catalysed growth of Be-doped GaAs NWs.?”

All of these local changes in composition may result in
significant changes in material properties, altering the band
structure and eventually returning quantum confinement
effects.3?8 These may be detrimental for the performances of
any device conceived with the requirement of uniform
composition but could also be exploited as active part of the
heterostructure, opening new design possibilities. Controlling
and tuning the self-assembly of such structures may add a
degree of freedom for band-engineering, hardly achievable by
top-down strategies.

In the present study, we focus on lonsdaleite SiGe shells,
recently demonstrated?®:3° to grow with high crystal quality by
using wurtzite GaP NWs with a Si-rich spacer shell templating
for epitaxial SiGe shells. The in-depth structural analysis in Refs.
9 and 29 proved how the lonsdaelite phase can indeed be
obtained uniformly along the GaP core NW, without any
evidence of polytypism. Only partial defects have been
observed.3! The achievement of growing group IV shells in
hexagonal phase, firstly demonstrated for pure Si,° is of great
importance, as the band structure is different from the one of
the cubic phase, resulting in a direct band gap in k-space at
sufficiently high Ge content.3233 The band gap of this SiGe can
be tuned by changing the Si:Ge ratio. This is a breakthrough for
the achievement of efficient light emission and absorption®
from group-IV integrated optoelectronic devices, curing the
poor performances of the indirect gap, low emission efficiency
cubic Si?* without the need for IlI-V compounds.

However, here we show that this way of producing londsdaleite
SiGe can lead to compositional inhomogeneities, depending on
the GaP core faceting. In particular, here we show that Ge-rich
prisms are formed on top of any {11-20} facet, whenever
present in addition to the most common {10-10} facets?® at the
surface of the underlying wurtzite GaP-Si-rich spacer template.
Due to the higher Ge content, such prisms have a lower band
gap and correspondingly should trap carriers, which could be
used for moving them away from surfaces or contaminated
regions. At larger concentration differences, the Ge enriched
areas could even behave as quantum wells, or wires.33%
Eventually, by carefully tuning the shell and prism composition
under Ge-rich conditions, fascinating designs with different

2| J. Name., 2012, 00, 1-3

regions with direct and indirect band gap can hg. envisaged,
opening new opportunities of band-gap élgin@épirsgDONRO8OSIA
As the facets of the GaP-Si-rich spacer system guide the
formation of the Ge enriched inclusions, we show their
appearance in two cases: one with a GaP-Si-rich spacer
presenting regular facet size, and one with an irregular GaP-Si-
rich spacer morphology, with varying facet size. The alloy
structure of the SiGe shells and the facets of the core-shell
system were studied by producing cross-section lamella using a
Focused lon Beam (FIB) and analyzing them with Transmission
Electron Microscopy (TEM).

To understand the formation of the Ge-rich prisms, we employ
a modelling similar to the one used to understand spokes
formation in 1lI-V alloy shells.’® We demonstrate that the
formation of these prism-shaped inclusions can, indeed, be
gualitatively understood from the interplay of mobility of the
alloy species and of the different stability of {10-10} and {11-20}
facets between the growing SiGe shell and the underlying GaP
core. From this analysis, we learn how the formation of these
prisms can be directed by controlling the faceting of the core-
shell NW.

Experimental

The experimental procedure employed for the growth of the
reported samples is described here, followed by details on the
fabrication of cross-sectional lamella in the FIB and the TEM
modes used to analyze the lamellas. Then, the phase-field
model used for simulating the growth and segregation is
reviewed. For the detailed analysis of crystal structure and
defects we refer the reader to previous literature studies>?°:3!
on samples grown under equivalent conditions, and to the
Electronic Supplementary Information for the analysis on the
present samples.

Sample growth

NWs are grown using metalorganic vapor phase epitaxy
(MOVPE) , under identical conditions of the GaP-SiGe core-shell
structures of Refs. 9 and 29. Gallium phosphide stems are
produced using the vapor-liquid-solid (VLS) method with gold
catalyst arrays patterned by nano-imprint (NI) lithography on a
GaP (111)B substrate. The GaP stems are grown from phosphine
(PHs) and trimethylgallium (TMGa) precursors at 600-615°C,
while providing HCI gas to prevent tapering (growth similar to
Ref. 36).

After this the sample is cooled down, the susceptor is changed
and the sample is heated up to 570°C again. A gallium
phosphide shell is grown by vapor-solid (VS) deposition for 30s
to 4min/240s, resulting in a wurtzite GaP-GaP core-shell
template, after which the trimethylgallium flow is stopped. This
additional GaP shell is required to retain an atomically flat,
oxide-free template for the subsequent epitaxial SiGe growth.
The sample temperature is increased to the growth
temperature for the Si rich spacer, while the phosphine flow is
continued creating an overpressure to prevent decomposition

This journal is © The Royal Society of Chemistry 20xx
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of the GaP NWs. This spacer can either be a Si shell, or a SiGe
shell rich in Si (around 86%). Disilane is used as silicon precursor,
germane as germanium precursor. The final SiGe shell is grown
by going to the SiGe growth temperature under hydrogen flow,
without intermediate cooling down to room temperature. In
case of the SiGe shell on a Si spacer the disilane flow is stopped,
the cooling is done under hydrogen flow and disilane and
germane flows are opened when reaching the set temperature
(see Ref. 29). In case of the transition from a SiGe spacer to a
SiGe shell the precursor flows are gradually adapted (also see
Ref. 30).

Two sets of samples are studied, obtained from different
growth conditions. The first set was grown targeting low-Ge
content to minimize the role of strain. A nano-imprint pattern
with a pitch of 500 nm was used. The GaP shell was grown for 4
min and the SiGe shell was grown at 575°C. The group IV molar
fraction of Ge in the input was 50%, resulting in a Ge
concentration in the shell of around 30%. Then, to test the
robustness of the results against higher strain levels, the second
set of samples was grown with the main purpose of reaching
higher Ge content in the shell. More precisely, the pitch was
increased to 2500nm, a SiNx mask was introduced, the gold was
etched before growing the spacer layer, the GaP shell growth
was reduced to 0.5 min and the SiGe shell growth was
performed at 495°C. The group IV molar fraction of Ge in the
input was 81%, resulting in a Ge concentration in the shell of
around 45%.

Cross-sectional TEM

To study the NWs in cross-sectional view, lamellas were
prepared using a focused ion beam (FIB). Several NWs are
transferred and positioned parallel on a Si substrate. A
protecting platinum strip is deposited across, on the region of
interest. Sometimes an additional cobalt layer is deposited
before the platinum to add a layer with more contrast in TEM.
A volume is made, cutting the NWs across, and lifted out with a
nanomanipulator. Subsequently the volume is transferred to a
TEM substrate and thinned down using FIB milling to a thickness
of around 100 nm or less.

The lamellas are studied in TEM, using mainly two modes: High
angular annular dark field (HAADF) scanning TEM (STEM)
imaging and energy dispersive (X-ray) spectroscopy (EDX). For
HAADF imaging, the electrons scattered over large angles are
used for imaging, to minimize the contribution of diffraction
contrast to the image. The intensity of the signal is roughly
proportional to the elemental number 72.37 Therefore, HAADF
imaging is very suitable to scan for compositional differences
(like the ones we anticipate in the SiGe alloy shells). EDX is used
to give a quantitative measure for the amount present of a
certain element.

Phase-field model of growth and segregation

The phase-field growth model introduced in Ref. 38 and already
applied to study segregation in core-shell NWs in Refs. 19,25 is
adapted to the case of the SiGe shell growth. Under the

This journal is © The Royal Society of Chemistry 20xx
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assumption that the NW is uniform along its axis;.a {0904);@
two-dimensional (2D) cross-section is cdsidérEd 4308k ey
in Fig. 1(a). The NW geometry is defined implicitly by the phase-
field function @ (panel (b)), set equal to 1 into the solid phase
and 0 in the surrounding vacuum region. A smooth transition
region of thickness €—0 is assumed in-between, thus returning
a diffuse-interface.3®* Nominally, the NW surface is identified
with the ¢=0.5 iso-line. A second variable, ¢, is used to locally
define the Ge content in the NW shell (panel (c)). For numerical
reasons, C is defined over the whole simulation cell including
vacuum and core regions where it has no physical significance.
Both faceting evolution and compositional segregation effects
are taken into account by solving simultaneously the temporal
evolution of both ¢ and ¢, as given by the following equations:

g
5¢ = RIVel + V- [cMceM(9)Vicel +
+ V- [(1 = MM (p) Vs )
a(cp)
= ReelVo| + V- [cMaeM(9)Vieel  (2)

where R = Rge + Rs; is the total deposition rate, i.e. the sum of
Siand Ge growth rates. Mge (Ms;) is the mobility of Ge (Si) atoms
on the NW surface. In the present study a mobility ratio Mge/
Msi=10 is assumed.*®4l The function M (@)= (36/€)p?
a1- <p)2 is introduced for restricting the motion only within the
phase-field interface,*? so to enforce surface diffusion
dynamics (bulk diffusion is negligible as implied by higher
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Fig. 1 (a) Modeling of the (0001), 2D cross-section of the NW.
Both (b) the phase-field function ¢ and (d) the composition field
¢ are illustrated by the color map for a representative case. In
(c) the NW section is taken as the region for @ = 0.5. The NW
core, delimited by the white dotted line in panel (b), is set to be
a pure-Si region for simplicity and it is used as initial profile in
the growth simulations. Plots of (d) surface energy density ¥
and (e) growth rate R as a function of the profile orientation 6.
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activation barriers). Intermixing is then possible only within the
~ €-thick interfacial region, i.e. within the first atomic layers of
the NW surface.?%43
Hge (Msi) is the surface chemical potential for Ge (Si) and its
gradient is the driving force for Ge (Si) surface diffusion. Here
we assume that I comprises only anisotropic surface energy,
corner energy,** and mixing entropy (for an ideal alloy):#3
dic K® kT

w=rly+y' @l -p(+3) +7ne @
where Vg is the volume per atom, K is the surface curvature, ¥
is the surface energy density, dependent on the profile
orientation 6, [ is a corner-energy parameter, k is the
Boltzmann constant and T the temperature. In strong
anisotropy conditions, the corner contribution is necessary for
regularization.** The actual phase-field expression of eq. (3), as
a function of @, is widely discussed in literature,1®4245> and it is
reported in the Electronic Supplementary Information.
It is worth noting that the definition of L in eq. (3) is purposely
including only those key contributions leading to the
morphological and compositional evolution found
experimentally. The major approximation of this minimalistic
model is the exclusion of strain effects due to the SiGe/Si lattice
mismatch. This simplification is, however, quite reasonable
when considering a low-Ge shell alloy, 30% in the present
simulations, as strain relaxation is expected to be quite effective
for the NW geometry. A thorough calculation of the strain
distribution in the shell, as detailed in the Electronic
Supplementary Information, shows that strain is released
equally effective on the {10-10} and {11-20} facets that will be
shown to be essential for the prism segregation. Moreover, the
experiments show a rather similar behavior when raising the Ge
concentration from 30% to 45%, thus corroborating the
hypothesis that elasticity is not the main driving force for the
prism formation in our system. A further confirmation of this
hypothesis can also be found by noticing that segregation
effects, similar to the ones here discussed, have been reported
for 111-V lattice-matched core-shell NWs.!
In order to describe the faceting of the SiGe shell, both ¥ and R
are assumed as orientation dependent, with local minima for
the six {10-10} and six {11-20} facets in the (0001) plane, as
shown in panels (d) and (e) of Fig. 1, respectively. The
convenient function of Ref. 45 is exploited. We consider {10-10}
facets to be more stable than {11-20} ones, i.e. Y1010 < Y1120, as
confirmed by recent ab-initio calculations for pure Si and Ge
lonsdaleite.*® The actual simulation parameters are Y1010=60
meV/A? and ¥1120=72 meV/A?, reasonably scaled for a 30% Ge
alloy but for a larger difference than the one obtained by a
linear interpolation of the ab-initio values, so that the Wulff
shape is a {10-10}-only hexagon as in experiments (see
Electronic Supplementary Material). The growth rate is
supposed instead to be the same for the two facets Rio10 =
R1120 ® 1 nm/s (but slower than at corners, as expected for the
kinetic Wulff construction?®). An interface width €=2 nm was
set. Other parameters tuned to match experiments are S
=150eV and kT /V4=1.6 eV/nm3.
Numerical solution to the partial differential equations (1-3) is
obtained by the finite element method toolbox AMDIS.4748

4| J. Name., 2012, 00, 1-3

Local mesh refinement (with a maximum resolution,of 2A-and
a semi-implicit time-integration scheme &¥e! eXploitde0NRO8051A

Results and discussion
Experimental observation of Ge-rich prisms

To investigate the compositional structure of the core-shell
NWs lamellas were studied with HAADF-STEM, since HAADF
contrast is mainly depending on the average atomic weight.
The HAADF images of a (0001) cross-section sample with 42%
Ge in the SiGe shell reported in Fig. 2(a) and (b) show the
characteristic core-shell NW build-up. At the center there is a
wurtzite GaP core surrounded by a Si-rich spacer shell (dark
contrast) and the lonsdaleite SiGe shell. On the outer side of the
SiGe shell a Ge-rich layer is visible (light contrast). This layer
forms during cool down, which is mainly attributed to the fact
that the Ge precursor needs a lower temperature than the Si
precursor to crack efficiently, and therefore keeps on adding to
the growth front for longer. The HAADF contrast between the
different layers shows a clear transition in morphology between
the GaP-Si inner region and the SiGe (and Ge) shell. As made
evident by the atomic scale HR-STEM in Fig. 2(c), the former
consists of both {10-10} and {11-20} facets, which are both non-
polar singular facets in the hexagonal system. Differently, the
outer shell shows a hexagonal shape, consisting of {10-10}
facets only.

In the SiGe shell various inhomogeneities are observed.
Segregation stripes can be identified running from the corners
of the Si-rich spacer shell to the outer corner of the SiGe shell.
Unlike in the case of IlI-V NWs, here the stripes are less
prominent, and involve variations in composition of the order
of 1%. Moreover, the HAADF contrast suggests a composite
structure formed by an inner Ge-rich line in between Si-rich
ones, probably due to secondary effects superimposed to the
mechanism of accumulation of the slowest diffusing species at
facet edges, well evident in 11I-Vs.1?

More interestingly, Ge-rich triangular areas, which correspond
to the prisms in three-dimensions, can be well distinguished
(Fig. 2(b) ) on half of the facets of the Si-rich spacer layer. From
an EDX mapping (see Fig. 2(d-f) ), the Ge concentration in the
prisms was determined to be 50+£3% compared to 42+2% in the
shell in the areas without spokes. Neither Ga nor P are observed
within the SiGe shell.*> HR-STEM reveals that the facets the
prisms are located on are the {11-20} facets. Since the SiGe shell
develops a surface terminated by {10-10} facets only, and
noting that the base of the prisms closely matches the size of
the {11-20} facets, it is clear that the formation of the prisms is
directly related to the {11-20} facets of the GaP-Si-rich
structure.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Cross-sectional view in HAADF-STEM of a wire with nominal composition of ~45% Ge in the SiGe shell. (b) Zoom-in on the
central part of the wire shown in (a). (c) atomic resolution STEM image on part of the interfaces of (b). The crystal planes are
indicated. (d,e) quantified elemental distribution maps of Si and Ge by EDX. (f) compositional profile extracted from the mappings
in (d,e) averaged over the width of the box in (e). Ga and P lines are below the EDX detection level.

This connection is made even more evident in the HAADF-STEM
image in Fig. 3(a), where the cross-section of a wire obtained for
a different sample with nominal Ge content of ~30% in the shell
is reported. Therein, an asymmetry in the GaP core shape is
obtained, resulting in different widths of the {11-20} facets for
the Si-rich spacer. Prisms in the SiGe shell are observed to match
the different {11-20} base lengths (see Fig. 3(b) ), extending
across a larger shell thickness when developing on the largest
facet, while being barely distinguishable at corners where {11-
20} facets are almost missing. The EDX mapping, shown in
panels (c) and (d), return a more direct view of the segregation
process, demonstrating that prisms are enriched in Ge (33+3%
with respect to the average shell Ge content of 26+3%) for all
sizes. Expectedly, Ga and P are not detected in the SiGe shell,
thus excluding their role in the segregation of the Ge-rich
prisms. Interestingly, spiky protrusions of the two elements are
instead noticeable across the Si spacer, only in correspondence
of large {11-20} facets (see Electronic Supplementary
Information). Si-rich stripes are found to depart from the apex
of each prism to the outer shell corners. As the Si surface
mobility is expected to be lower than the mobility of Ge,*%4! this
seems consistent with the diffusion induced segregation in IllI-
Vs.1® The apparent contrast with the case of Fig. 2 suggests,
however, a more complex scenario especially in the case with
higher Ge content. The fact that prisms are formed in both the
low-strain and high-strain sample permits to exclude elasticity
as a key driving force. Moreover, while in the case of Fig. 2 one
could suspect that larger Ge atoms could be moving towards the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Cross-sectional view in HAADF-STEM of a wire with
nominal composition of ~30% Ge in the SiGe shell. (b) Zoom-in
showing a portion of the wire with differently sized prisms. (c)
EDX analysis of the whole NW cross-section and (d) of the
portion of panel (b). See Electronic Supplementary Information
for the further details.
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small {11-20} corners, where strain is better released (see
Electronic Supplementary Information), in Fig. 3 we see the very
same segregation process on much wider {11-20} facets, where
no relaxation advantage is to be expected.

The cross-sectional TEM analyses of other NWs for both
samples further confirmed the previous observation, showing
Ge-rich prisms on top of any {11-20} facet present at the GaP-Si
rich interface. Moreover, Ge-rich prisms have been also
observed in samples where pitch, substrate surface, Si:Ge
ratios, temperature and material influx were changed, as long
as the {11-20} facets were present.

Simulation of the SiGe shell growth

The experimental STEM-EDX analysis provides clear evidence of
the correlation between the formation of Ge-rich prisms in the
SiGe shell and the presence of {11-20} facets at the underlying
GaP-Si-rich spacer surface. By exploiting the PF growth model
outlined in the method section, we now investigate the kinetic
mechanism responsible of this segregation process.

The model relies on two major properties of SiGe. The first is
that {10-10} facets are more stable than {11-20} ones, which is
inferred from the experimental evidence that the SiGe shell
cross-section evolves into a {10-10} hexagon in the present
high-temperature and low-rate growth regime that is expected
to be close to equilibrium. This definition is also consistent with
recent data by first-principle calculations,*® even if here a larger
difference is required to achieve the facet transition. Due to this
energetic unbalance, material will diffuse on top of the {11-20}
facets, reducing their sizes in favor of the more energetically
favorable {10-10} ones. The second key property is that Ge
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shows a greater mobility, as compared to Si, whichds mell
known fact at the surfaces of the cubic sy$teA? 4030 3 ROfRe!y
to hold true in the present case, as it is essentially related to
atomic bond strength. Hence, any diffusion flux will be mostly
composed of Ge. Regarding deposition, we just consider the
same incorporation rate on the two facets and an enhanced
rate at their corners, so to drive a conformal faceted growth
without any local rounding at the corners as detailed in Ref. 19.
Growth simulations are then performed starting from an initial
dodecagonal profile, with both {10-10} and {11-20} facets,
mimicking the GaP-Si core shape. We do not consider the
internal core-spacer structure since mixing involves only the
topmost atomic layers of the Si spacer. The evolution in the NW
shell morphology and composition results from the competition
between deposition and diffusion. The simulation results,
reported in Fig. 4 for both a regularly shaped core (a-c) and an
asymmetric one (d), closely resemble the experimental
observations in Fig. 2 and 3. In particular, the appearance of Ge-
rich regions on top of the {11-20} core facets is clearly revealed
by the color map, and traced more quantitatively by the line
plots across the shell thickness (Fig 4(b) ), passing through the
prism itself (segment A in panel (c) ). In particular, prisms have ~
34% Ge content, compared to the nominal 30% of the shell, in
agreement to the experimental data shown in Fig 3. Si-rich
spokes are also observed at the facet corners, departing from
the prism apex out to the shell corners.

The growth process can be divided in two stages. In the first,
both {10-10} and {11-20} facets are present as originating from
the underlying GaP-Si spacer surface but, as the deposition
continues, the latter shrink in size and finally disappear,

(a) <1010>  <1120> 30kl N <1010> (d)
L 4 <1120>
& 20+ .
< - o
& 10+ e
0

35

0 20 40 60 80 100
Iyi20 (NmM)

J (c).

%Ge 0 EELC_0M 35 I B
15 30 gsla ¢ oy &
0 -20 -10 0 10 20
S0nm X (nm)

Fig. 4 Simulation results for a 30% SiGe shell growth on top of a (GaP-)Si core exposing both {10-10} and {11-20} facets. (a) A
regular dodecagonal core of 90 nm diameter 