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Abstract

We present an experimental and theoretical analysis of the formation of nanovoids within Si micro-crystals
epitaxially grown on Si patterned substrates. The growth conditions leading to the nucleation of nanovoids
have been highlighted and the role played by the deposition rate, substrate temperature, and substrate
pattern geometry, are identified. By combining various scanning and transmission electron microscopy
techniques it has been possible to link the appearance pits of a few hundred nanometer width at the
microcrystal surface with the formation of nanovoids within the crystal volume. A phase-field model,
including surface diffusion and the flux of incoming material with shadowing effects, reproduces the
qualitative features of the nanovoid formation thereby opening new perspectives for the bottom-up
fabrication of 3D semiconductors microstructures.

Introduction

In recent years the monolithic integration of group IV and IlI-V semiconductors on silicon has been widely
investigated as a viable pathway to go beyond Moore’s law. This approach needs to address the challenges
inherent to heteroepitaxy, which are mostly stemming from the lattice and thermal expansion coefficient
mismatch between the substrate and the epilayer.

A novel approach named vertical heteroepitaxy (VHE), which combines epitaxial growth and substrate
patterning, has been shown to substantially mitigate these issues [1]. Under strong out-of-equilibrium
growth conditions, obtained by combining high deposition rates and relatively low growth temperatures,
the epitaxial deposition of Ge on deeply patterned Si substrates results in the vertical growth of an array of
Ge micro-crystals, which can be separated by tens of nanometers gap [2] or eventually merge to form a
suspended layer [3], [4].

The material quality of such micro-crystals has been deeply investigated, showing that the thermal strain is
indeed fully relaxed [5] and that all the threading dislocations can be expelled from the crystals [6].
Moreover, it has been predicted [7] and experimentally verified [8], [9] that, by decreasing the size of the
pillars etched into the substrate and by linearly grading the compositional profile, it is possible to achieve
full elastic relaxation without the nucleation of misfit dislocations.



Tuning the morphology of the crystals obtained by VHE is crucial to exploit the aforementioned properties
in a controlled fashion. Several aspects of the morphological evolution of the micro-crystals, such as the
onset of vertical growth, the different faceting due to growth conditions and the dynamics of merging have
already been investigated both by experiments and theory [1], [2], [4]. Some features originating from the
unique combination of deep substrate patterning and high growth rates typical of VHE still need to be
addressed and understood in detail by dedicated experiments and theoretical models.

In this work, we focus on the formation of self-assembled nanovoids arranged in ordered arrays, formed
during VHE, within each micro-crystal and in between merging micro-crystals. We consider a prototypical
system made of Si micro-crystals grown on Si pillars, allowing us to focus on the main physical aspects of
the growth and avoid the additional complexity of heteroepitaxy. The growth conditions leading to the
nucleation of ordered arrays of nanovoids are highlighted and the role played by growth parameters, such
as deposition rate and temperature, is clarified by a theoretical analysis involving a continuum model and
simulations of the material deposition on non-flat substrates.

This study sheds light on the self-assembly formation of nanometric voids in micro-crystals and sets the
ground for control of the voids. It is worth mentioning that highly controllable arrays of voids in silicon have
already been obtained by etching deep via holes and subsequently annealing the sample [10], [11]. The
spontaneous formation of voids during epitaxial growth of 3D crystals, however, which significantly differs
from conventional planar configurations, has not been observed and investigated yet. This opens new
perspectives in exploiting the bottom-up fabrication of 3D, semiconductor microstructures with potential
applications in the fabrication of silicon-on-nothing [12], MEMS and photonic crystal [13] devices. The
possibility of combining different semiconducting material adds an additional degree of freedom in the
fabrication of 3D photonic crystals. The operating wavelength could be extended in the mid infrared by
exploiting the higher transparency, in this wavelength range, of germanium as compared to silicon. In
addition, the modulation of the refractive index due to void formation could be combined with that arising
from the alloying of different semiconductors, being the SiGe system a relevant candidate [J. M. Ramirez, V.
Vakarin, J. Frigerio, P. Chaisakul, D. Chrastina, X. Le Roux, A. Ballabio, L. Vivien, G. Isella, and D. Marris-
Morini. Ge-rich graded-index Sil-xGex waveguides with broadband tight mode confinement and flat
anomalous dispersion for nonlinear mid-infrared photonics. Opt. Express 25 (6) 6561--6567 (2017)].

The presence of additional free surfaces within the Si micro-crystals may also be exploited to modify the
elastic and plastic properties of the micro-crystals.

Methods

Patterned substrates have been fabricated by dry-etching square Si pillars on a Si (001) wafer. The typical
etching depths were 10 and 2.7 um depending on the technique, optical or electron-beam lithography,
used for the pattern transfer. Each substrate features several regions, each one characterized by a given
pillar width W and separating gap G with dimensions varied between 1 to 4 um.

Before epitaxial growth, performed in a low-energy plasma-enhanced CVD (LEPECVD) reactor, the
patterned substrates were cleaned by RCA, followed by an HF dip for oxide removal. LEPECVD exploits a
low energy and high-density argon plasma to efficiently decompose the gas phase precursors [14], resulting
in a deposition rate of = 5 nm/s almost independent of the substrate temperatures, which is 700°C for the
samples analysed in this work (if not stated otherwise). The combination of high rate and low deposition
temperature leads to a strong out-of-equilibrium deposition process where kinetic effects dominate over
thermodynamic effects. This is a key feature of LEPECVD. Indeed, deposition processes operating closer to
thermodynamic equilibrium, such as thermal CVD, do not result in the vertical growth of micro-crystals
[15]. A rough estimate of the adatoms diffusion length Ly, achievable by LEPECVD, can be obtained by
assuming that surface diffusion dominates over bulk diffusion and, consequently, considering the average
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surface diffusion time equal to the time required for the deposition of a monolayer, i.e. inversely
proportional to the growth rate. By taking typical values for the diffusion coefficient in Si homoepitaxy from
the literature [Y.-W. Mo, J. Kleiner, M.B. Webb, and M.G. Lagally, Surf. Sci. 268, 275 (1992)], it is possible to
estimate Ly to be comprised between a few hundred nanometres and a few micrometres. As explained in
details in Ref. [2] control over microcrystal morphology can be achieved only for diffusion lengths
comparable with the Si pillar size, therefore in this work growth parameters have been set to achieve

Ly = 1 um and the Si pillar size varied in the micrometre range.

The serial-sectioning technique has been applied to characterize the micro-crystal morphology in three-
dimensions. A focused ion beam/scanning electron microscope (FIB/SEM ) dual beam tool has been used
for slicing the micro-crystals using Ga ions and subsequently imaging each section using secondary
electrons in SEM (JEOL JIB 4610F) [16]-[18]. With the help of the Avizo software package, the series of
image slices has been reconstructed to a three-dimensional volume. Furthermore, using FIB/SEM, thin
electron transparent lamellae have been prepared by cutting the micro-crystals right at the center along
the [110] direction [19]. A double Cs-corrected scanning transmission electron microscope (JEOL 2200FS)
operating at 200 kV along with an annular dark field detector (JEOL EM-24590YPDFI) has been used to
image the ordered arrays of microvoids.

To analyze the experimental results a minimal, continuum two-dimensional model tackling the evolution of
surfaces and encoding the main contributions to surface diffusion and the growth of vertical crystals [2],
hase been implemented. In particular, we focus on the impinging material flux on non-flat surfaces, which
is unevenly distributed due to self-shielding effects [20], and the material redistribution along the surface
due to surface diffusion [21]. Moreover, in order to cope with topological changes as the formation of
voids, we consider the implicit description of evolving surfaces achieved by the phase-field (PF) model
introduced in Refs. [22], [23] and including the aforementioned effects as in [24]. In brief, a phase-field
function @defined on a 2D domain (2, is considered. It is set equal to 1 within the crystal, O outside and with
a continuous transition in between, that is well-described by

p(x) =0.5 [1 — tanh (%(x))], (1)

with d(x) the asigned distance from the surface, namely the isosurface ¢ = 0.5, and ¢ the thickness of the
interface between the phases. The evolution law for ¢ reads

";_‘f =7. [M(<p)\7§—g] + @,S() Vol (2)

The first term at the right-hand side of Eq. (2) encodes surface diffusion. G is the surface free-energy, as
given by Ginzburg-Landau energy functional,

Glo] =fny(§Il7<pI2+§B(<p)) da, (3)

with B(¢) = 18¢2%(1 — ¢)2. M(¢) = (2D/e)B(p) is a mobility function being D proportional to the
diffusion coefficient. The y parameter accounts for the surface energy density, here assumed to be
isotropic for the sake of simplicity (for the description of anisotropic y, yielding the faceted shapes of the
micro-crystals, see Refs. [25], [26]. The second term at the right-hand side of Eq. (2) stands for the micro-
crystal growth due to the material flux impinging at the surface. @, is a scaling factor taking into account
the amount of incoming material, here assumed isotropic and normalized to 1. The function S(x) accounts
for shielding effects and it is computed by a Ray-Tracing procedure. It is zero at a point x of the surface
completely shielded with respect to the incoming material flux and 1 where shielding effects are not
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present as for a flat surface. In this way, on a flat surface, the growth rate is @, everywhere. The
competition between the two terms in Eq. (2) is controlled by the ratio D/<D0. As we fix @, this ratio is
directly controlled by D without loss of generality. Time and length scale directly entering Eqgs. (1)-(3) are
given in dimensionless units. The simulations reported in the following are performed by using the finite
element toolbox AMDIS [27], [28]. Further details about this specific PF model and the Ray-Tracing
procedure employed to compute S(x) can be found in Ref. [24]. Details of this theoretical approach are
illustrated in Figure 4(a).

Results and discussion

Micro-crystals grown on deeply etched Si substrates exhibit clear crystallographic facets with well-defined
orientations, corresponding to the most stable crystal planes of the Si face centred cubic (FCC) crystal, i.e.
(001), {111} and {113}. Their relative dimensions, and therefore the final crystal shape, are however
determined by kinetic parameters, i.e. by the relative growth rates of the facets [2]. These are influenced
by the diffusion lengths of the adatoms on each facet, which, in turn, depend on both the deposition
temperature and rate.

This is outlined in Figure 1a, where 5 um tall micro-crystals deposited at 700°C at two different growth
rates (1.25 nm/s and 5 nm/s) are compared for patterned substrates with pillar width W varying between 1
and 4 micrometers and a separating gap G=4 um. In the case of low deposition rate and W=1 and =2 um,
only {113} (at the center) and {111} facets can be observed. As the pillar size increases, the flat (001)
surface appears at the top of the crystals. In the high deposition rate case, the (001) facet can also be found
on top of pillars smaller than 3x3 um?* and occupies a larger fraction of the micro-crystal surface as
compared to the corresponding sample grown at a lower rate.

® (001) m {113} A {111} (o

A=\

— A —
2um e D (11 2um w— D 11T /_—N““ ‘1)
W: 1x1 pm? W: 2x2 um? W: 3x3 um? W: 4x4 um* (b) ~ ('\.
b /

G:4um G:4pum G:4um G:4um

(001) 17,

5 nm/s

o D

Figure 1 a) Morphological evolution as a function of patterning (pillar size W and gap G) and deposition rate
in 5 um tall Si micro-crystals, grown at 700°C. b) Schematic representation of the variation in the top
morphology as a function of the size | of the (001) top facet (for a given diffusion length 1) determined by
the material transfer | from the (113) to the (001) facet. The effect of a lower growth rate @, i.e. of longer A,
is also sketched.

The observed trend in the morphological evolution appears to be well consistent with the general picture
of the growth process discussed for Ge/Si in Ref. [2]. Indeed, also in the case of Si/Si micro-crystals, {113}
facets are found to grow slower than the (001) top facet. This is explained by considering a transfer of
material from {113} facets to the (001) facet, due to their different incorporation rates [29]. As illustrated in
Figure 1b, such material spreads over a distance of the order of the diffusion length A. As expected, A
increases when the diffusion coefficient D, is increased i.e. with temperature, while it decreases for
increasing deposition rates, since adatoms are more rapidly incorporated into the growing crystal for a
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larger incoming flux @,. The resulting morphology then depends on the ratio between A and the (001) facet
dimension [, which, in turn, is proportional to the pillar base width W in the initial growth stages, as
illustrated in the Figure 1b. When A = /2, the adatom flow spreads quite uniformly over the whole (001)
surface, provoking an enhancement of its growth rate and leading, eventually, to a pyramidal shape
dominated by the low growth rate {113} facets as predicted by the Borgstrom facet construction for a
convex microstructure. On the contrary, if A < /2 adatoms tend to accumulate at the edges of the (001)
facet, then this results in the formation of ridges along the (001) perimeter. When the (001) region shrinks
to 21 the mounds get close enough to overlap and form a concave region. Such pits are indeed evident in
the top views of Figure 1a. A single pit is observed at the crystal center in the case of W= 3 um and low rate,
while four distinct pits are visible at the corners of the (001) facet in the case of W=4 um and low rate or
W=3 and 4 um and at a high rate.

Figure 2 A SEM top view and 3D reconstruction obtained from FIB/SEM cross-sections of 5 um tall silicon
micro-crystals where a) 4 pits are visible at the top, (W = 2x2 um’ G=2 um and growth rate 1.25 nm/s) and
b) no pits can be (W= 1x1 um’ G=1 um and growth rate 4nm/s).

To better analyze the origin of such surface pits, crystals showing both four pits and no pits have been
characterized by FIB/SEM tomography, shown in Figure 2 together with the SEM top views. In the case of
the samples featuring four pits (Figure 2a), arrays of small voids can be found inside the crystal beneath the
four pits observed in top view image. The four lines of voids are not perfectly regular nor vertical, due to
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the evolution of the (001) facet during the deposition process. In the case of micro-crystals terminated by
{113} facets (Figure 2b), no voids can be seen in the tomography.

(a)

(b) (d)

Figure 3 TEM cross-sections of 5 um tall Si micro-crystals, grown at 720°C and partially merged with the
neighbouring ones. The crystals are cut along the red lines in the SEM images during the TEM lamella
preparation. a) Micro-crystals grown at a rate of 5 nm/s where a single pit is visible in the top view SEM
image. b) Two separate arrays of regularly spaced voids are visible, one at the center of the crystals and one
in the merging region. c) Merged micro-crystals grown at a rate of 1.25 nm/s where no pit is visible in the
top view SEM image. d) TEM cross-section of one nanovoid in the merging region between two crystals
grown at 1.25 nm/s. The STEM LAADF image (red inset) shows well defined facets, while no dislocations are
observed near the void in the STEM WBDF image (yellow inset).

Micro-crystals with a single pit at the center of the top surface have been investigated by annular dark-field
scanning transmission electron microscopy (ADF-STEM) in samples where the crystals are partially merged
with their neighbours (Figure 3). The lamellae have been obtained by FIB cutting the micro-crystals through
their center along the [110] direction, as indicated by the red-lines also shown in Figure 3. Two perfectly
regular sets of ~100 nm large voids can be observed in Figure 3b: one beneath the central pit, and one in
the merged region between the two crystals. The spacing between the voids is “450 nm and ~350 nm,
respectively. A comparison between the SEM top view (Figure 3a) and the TEM cross section (Figure 3b)
indicates that the voids within the micro-crystals are placed right at the center of each micro-crystal, while
those in the merging region might actually be displaced towards the micro-crystal corner. The red inset in
Figure 3d shows a low-angled ADF-STEM image of a single void, which is bounded by well-defined
crystalline facets, in particular the {111} and (001) ones. Moreover, a transmission electron microscopy
weak beam dark field (TEM-WBDF) image (yellow block in Figure 3b) proves that no dislocations are
generated at the interface with the voids, or in the merged region.

The phase field model illustrated in the previous section accurately reproduces the electron microscopy
observations. In the low-diffusion regimes, profiles similar to those found at the top of the micro-crystals
6



are known to be unstable against the so-called shadowing instability [20], [30], [31]: the bottom of the pit
collects less material than their lateral ridges, which then grow and eventually merge, thus forming a void
below the merging point [24]. As discussed first in Refs. [1], [2], the deposition technique considered here
ensures short diffusion lengths and together with shielding effects enables vertical growth. The presence of
voids may then originate from the pits observed at the top of the Si crystals, that are present since the early
stages of growth in the surface profile, possibly because of the mechanism illustrated in Figure 1b.
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Figure 4. PF simulations of growth and formation of voids due to the deposition with shadowing effects on
non-flat surfaces. a) Details of the PF model: diffuse interface representation of a sinusoidal surface profile
by means of p(x) (left) and S(x) for isotropic material deposition (right). Surface profiles reported in the
following panels correspond to the isosurface ¢ = 0.5.Grey areas correspond to initial profiles. b): sequence
of profiles (at intervals At during the deposition on a sinusoidal surface with D/®, = 0.1 () and D/®, =
0.05 (right), At = 0.25, t;,+ = 7.5), respectively. c) Comparison between morphologies and arrays of voids
obtained by deposition on a profile as in b) with different values of D/®, at t = 25. d) A comparison of the
morphologies after the deposition on a pit connected to flat regions, t = 4.3. e) A comparison of the
morphologies after the deposition on a pit embedded in a vertical structure, t = 5. f) The formation of voids
at the center and between growing vertical structures shown by three profiles during the deposition on
structures as in panel e) with a smaller gap in between.

In order to assess the role played by deposition with shadowing effects, surface diffusion and the geometry
of the evolving crystals, phase-field simulations are performed to analyze the formation of such nanovoids
in the prototypical case of a single pit at the centre of the crystal top facet, so to mimic the micro-crystals
grown at a rate of 5 nm/s of Figure 3a and 3b.

We focus first on a periodic surface profile p(x) = Acos(Lx), mimicking the shape of a pit formed at the
centre of the pillar top (or, similarly, the pit formed at the coalescence point between neighbouring
crystals). Figure 4a shows the profile obtained for € = 7/20, A = /5 and L = 7 by means of ¢ (x) (left)
and S(x) vV Vo V (right). When surface diffusion is the dominant mechanism during growth, i.e. for
relatively large diffusion coefficients, this corrugation of the surface is expected to vanish during growth
[24]. This is demonstrated in Figure 4b where D/®, = 0.1. By decreasing D/®, below a certain threshold,
the shadowing instability sets in. This is shown in Figure 4b where D/®, = 0.05 and vertical structures
form at the peaks of the initial surface profile. Then, these ridges extend along the in-plane direction due to
7



the combined effect of material collected from the external flux and the material redistribution by surface
diffusion. As a result, the ridges merge and a buried void in the solid phase is formed. The surface profile
remains corrugated after the merging. The resulting shape may still be unstable against the shadowing
instability leading to the growth of additional vertical structures with the formation of additional voids (see
the growing vertical structures in Figure 4b, right) arranged into an ordered array as in Figure 4c for

D/®, = 0.05.

These simulations qualitatively account for the formation of nanovoids ascribing it to the combination of
self-shielding of material flux, a limited contribution of surface diffusion and the initial corrugated surface.
By decreasing D/®, further, the material redistribution is limited to shorter distances. This leads to a larger
accumulation of material close to the top regions and then to a faster formation of nanovoids. This results
in a controllable distribution of voids as illustrated in Figure 4c, where the number of voids per unit length
is found to increase by decreasing D/®, (the opposite limit is no void formation for a large D/®,). Notice
that the diffusion coefficient is expected to follow the Arrhenius law [21]. Therefore, the changes in the
distribution of voids illustrated in Figure 4c by increasing/decreasing D/®, can be achieved in experiments
by raising/diminishing the growth temperature. Analogously, according to the definition of parameters (see
Eg. (2) and Ref. [24]), these trends can be obtained by varying the growth rate in the opposite way. This is
actually what is observed by the experiments discussed in Figure 1, where voids form by increasing the
growth rate. The limit for vanishing contribution of the surface diffusion, i.e. for very small D/®, values or
very low temperatures and/or very high deposition rates, is a dendritic growth of the crystals [20], [30],
[31]. It is worth mentioning, however, that the theoretical approach adopted here can only describe
features larger than € and therefore this regime cannot be explored.

The simulations discussed so far focus on an idealized, periodic surface profile. The array of voids as
observed in the experiments, however, forms at the centre of a large micro-crystal. In order to prove that
the shadowing instability may become established also for profiles which better resemble experimental
systems, we consider two limiting cases: a pit connected to an extended flat surface (Figure 4d), mimicking
the effect of having a single small perturbation at the centre of a large crystal, and a pit embedded in a
vertical structure (Figure 4e), accounting for the presence of lateral surfaces. In both cases we consider a
pit-like morphology corresponding to a period of the periodic perturbation p(x). As shown by the
comparison at similar times of surface profiles obtained with different values of D/®,, the same
phenomenology in terms of shadowing instability and hierarchy in the formation of voids when varying
D/®, is obtained. As both curvature and material flux distribution at the surface are different with respect
to the periodic profile, different quantitative features are expected, but the detailed analysis of these
features is beyond the present work. From Figure 4e) one can also notice that the range of D/®, explored
is sufficient to observe differences for what concern voids formation at the centre, but it does not
significantly affect the global shape of the growing structure, even in this simplified simulation where the
relative size of the pit is larger than in the experiments. This further confirms the unstable nature of the
underlying process for voids formation. Moreover, it points out the different length scales at which the
growth of the vertical crystals and the formation of voids may occur.

The configuration illustrated in Figure 4(e) allows us to consider also the formation of voids together with
the coalescence of neighbouring crystals as lateral growth would eventually lead to their merging. This is
illustrated in Figure 4(f). The spacing between crystals is set here to be as large as the initial vertical
structure and D /®,=0.05. In this system, along with the initial pit at the centre of the crystal triggering the
formation of a void at the centre, a similar pit forms over the merged region as is also reported in previous
works [3], [4]. This eventually triggers a similar instability mechanism and leads to the formation of an
additional void array aligned with the trenches. At later stages, as observed for the more idealized profiles
of Figure 4f, the mechanism repeats in both regions with the formation of voids aligned with the centre and
with the trenches of the patterned substrate. This evolution qualitatively reproduces the evidence
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illustrated in Figure 3b thus further assessing the origin of voids formation and their alignment in the
different portions of the crystal.

Conclusions

We have demonstrated that ordered 3D arrays of nanovoids can be formed during the epitaxial growth of
Si micro-crystals on Si patterned substrates. SEM and TEM analysis demonstrate that, in correspondence to
pits developing on the micro-crystal surface, arrays of nanovoids are formed within the micro-crystal. The
ratio between the pattern size and the diffusion length has been identified as the key parameter for the
onset of a shadowing instability which gives rise to surface pits and, eventually, to nanovoid formation.
Phase-field simulations, taking into account surface diffusion, the flux of incoming material and shadowing
provide a clear link between nanovoid formation and the ratio between the diffusion coefficient and the
deposition rate. Therefore, with the appropriate combination of: pattern geometry, deposition rate and
deposition temperature control over nanovoids formation could be achieved also with deposition
techniques different from LEPECVD. By tuning the substrate patterning and deposition parameters, it
should be possible to exploit this technique to fabricate self-assembled arrays of voids with controllable
dimensions and spacing. The technique could also be extended to other semiconducting materials such as
germanium and find application in the fabrication of 3D photonic crystals.

Acknowledgments

This research was funded by Regione Lombardia, under the TEINVEIN project, Call Accordi per la Ricerca e
I'Innovazione, co-funded by POR FESR 2014-2020 (ID: 242092), and by the EU Horizon-2020 FET microSPIRE
project, ID: 766955.

References

[1] C. V. Falub et al., “Scaling hetero-epitaxy from layers to three-dimensional crystals,” Science (80-. ).,
vol. 335, no. 6074, pp. 1330-1334, 2012.

[2] R. Bergamaschini et al., “Self-aligned Ge and SiGe three-dimensional epitaxy on dense Si pillar
arrays,” Surf. Sci. Rep., vol. 68, no. 3—4, pp. 390-417, 2013.

[3] M. Salvalaglio et al., “Engineered Coalescence by Annealing 3D Ge Microstructures into High-Quality
Suspended Layers on Si,” ACS Appl. Mater. Interfaces, vol. 7, no. 34, 2015.

[4] R. Bergamaschini et al., “Temperature-controlled coalescence during the growth of Ge crystals on
deeply patterned Si substrates,” J. Cryst. Growth, vol. 440, pp. 8695, 2016.

[5] D. Chrastina et al., “Perfect crystals grown from imperfect interfaces,” Sci. Rep., vol. 3, no. 1, pp. 1-
6,2013.

[6] A. Marzegalli et al., “Unexpected dominance of vertical dislocations in high-misfit Ge/Si(001) films
and their elimination by deep substrate patterning,” Adv. Mater., vol. 25, no. 32, pp. 4408—4412,
2013.

[7] M. Salvalaglio and F. Montalenti, “Fine control of plastic and elastic relaxation in Ge/Si vertical
heterostructures,” J. Appl. Phys., vol. 116, no. 10, 2014.

[8] F. Montalenti et al., “Fully coherent growth of Ge on free-standing Si(001) nanomesas,” Phys. Rev. B
- Condens. Matter Mater. Phys., vol. 89, no. 1, pp. 1-7, 2014.

[9] F. Isa et al., “Highly Mismatched, Dislocation-Free SiGe/Si Heterostructures,” Adv. Mater., vol. 28,
no. 5, 2016.

[10] T. Sato, K. Mitsutake, I. Mizushima, and Y. Tsunashima, “Micro-structure Transformation of Silicon: A
Newly Developed Transformation Technology for Patterning Silicon Surfaces using the Surface

9



(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

[20]

[21]
(22]

(23]

[24]

[25]

(26]

(27]

(28]

Migration of Silicon Atoms by Hydrogen Annealing,” Jpn. J. Appl. Phys., vol. 39, no. Part 1, No. 9A,
pp. 5033-5038, Sep. 2000.

T. Mueller, D. Dantz, W. von Ammon, J. Virbulis, and U. Bethers, “Modeling of Morphological
Changes by Surface Diffusion in Silicon Trenches,” ECS Transactions vol. 2, no. 2, pp. 363—374, 2006.

I. Mizushima, T. Sato, S. Taniguchi, and Y. Tsunashima, “Empty-space-in-silicon technique for
fabricating a silicon-on-nothing structure,” Appl. Phys. Lett., vol. 77, no. 20, pp. 3290-3292, 2000.

S. Gupta, S. Tietz, J. Vuckovic, and K. Saraswat, “Silicon-Compatible Fabrication of Inverse Woodpile
Photonic Crystals with a Complete Band Gap,” ACS Photonics, vol. 6, no. 2, pp. 368—-373, 2019.

C. Rosenblad, H. R. Deller, A. Dommann, T. Meyer, P. Schroeter, and H. von Kanel. Silicon epitaxy by
low-energy plasma enhanced chemical vapor deposition. J. Vac. Sci. Technol. A 16 (5) 2785--2790
(1998)

O. Skibitzki et al., “Reduced-Pressure Chemical Vapor Deposition Growth of Isolated Ge Crystals and
Suspended Layers on Micrometric Si Pillars,” ACS Appl. Mater. Interfaces, vol. 8, no. 39, pp. 26374—
26380, 2016.

B. J. Inkson, M. Mulvihill, and G. Mobus, “3D determination of grain shape in a FeAl-based
nanocomposite by 3D FIB tomography,” Scr. Mater., vol. 45, no. 7, pp. 753—758, 2001.

A. J. Kubis, G. J. Shiflet, D. N. Dunn, and R. Hull, “Focused ion-beam tomography,” Metall. Mater.
Trans. A Phys. Metall. Mater. Sci., vol. 35 A, no. 7, pp. 1935-1943, 2004.

D. A. M. De Winter et al., “Tomography of insulating biological and geological materials using
focused ion beam (FIB) sectioning and low-kV BSE imaging,” J. Microsc., vol. 233, no. 3, pp. 372—-383,
2009.

M. Schaffer, B. Schaffer, and Q. Ramasse, “Sample preparation for atomic-resolution STEM at low
voltages by FIB,” Ultramicroscopy, vol. 114, pp. 62—71, 2012.

G. S. Bales and A. Zangwill, “Growth dynamics of sputter deposition,” Phys. Rev. Lett., vol. 63, no. 6,
pp. 692—-692, Aug. 1989.

W. W. Mullins, “Theory of Thermal Grooving,” J. Appl. Phys., vol. 28, no. 3, pp. 333-339, 1957.

)

B. Li and J. Lowengrub, “Geometric evolution laws for thin crystalline films: modeling and numerics,’
Commun. Comput. ..., vol. 6, no. 3, pp. 433-482, 2009.

R. Bergamaschini, M. Salvalaglio, R. Backofen, A. Voigt, and F. Montalenti, “Continuum modelling of
semiconductor heteroepitaxy: an applied perspective,” Adv. Phys. X, vol. 1, no. 3, pp. 331-367,
2016.

M. Salvalaglio, R. Backofen, and A. Voigt, “Thin-film growth dynamics with shadowing effects by a
phase-field approach,” Phys. Rev. B, vol. 235432, no. 23, pp. 30-32, 2016.

M. Salvalaglio, R. Backofen, R. Bergamaschini, F. Montalenti, and A. Voigt, “Faceting of equilibrium
and metastable nanostructures: A phase-field model of surface diffusion tackling realistic shapes,”
Cryst. Growth Des., vol. 15, no. 6, pp. 2787-2794, 2015.

M. Salvalaglio et al. “Phase-field simulations of faceted Ge/Si-crystal arrays, merging into a
suspended film”, Applied Surface Science 391, 33-38, 2017

S. Vey and A. Voigt, “AMDIS: Adaptive multidimensional simulations,” Comput. Vis. Sci., vol. 10, no.
1, pp. 57-67, 2007.

T. Witkowski, S. Ling, S. Praetorius, and A. Voigt, “Software concepts and numerical algorithms for a
scalable adaptive parallel finite element method,” Adv. Comput. Math., vol. 41, no. 6, pp. 1145-
10



[29]

(30]

(31]

1177, 2015.

M. Albani, R. Bergamaschini, M. Salvalaglio, A. Voigt, L. Miglio, and F. Montalenti, “Competition
Between Kinetics and Thermodynamics During the Growth of Faceted Crystal by Phase Field
Modeling,” Phys. Status Solidi Basic Res., vol. 1800518, pp. 1-10, 2019.

R. P. U. Karunasiri, R. Bruinsma, and J. Rudnick, “Thin-film growth and the shadow instability,” Phys.
Rev. Lett., vol. 62, no. 7, pp. 788-791, 1989.

G. S. Bales, R. Bruinsma, E. a Eklund, R. P. U. Karunasiri, J. Rudnick, and A. Zangwill, “Growth and
Erosion of Thin Solid Films,” Science (80-. )., vol. 249, no. 4966, pp. 264-268, Jul. 1990.

11



