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Abstract

We simulate the morphological evolution of Ge microcrystals, grown out-of-
equilibrium on deeply-patterned Si substrates, as resulting from surface diffu-
sion driven by the tendency toward the minimization of the surface energy. In
particular, we report three-dimensional phase-field simulations accounting for
the realistic surface energy anisotropy of Ge/Si crystals. In [M. Salvalaglio et
al., ACS Appl. Mater Interfaces 7, 19219 (2015)] it has been shown both by
experiments and simulations that annealing of closely spaced crystals leads to a
coalescence process with the formation of a suspended film. However, this was
explained only by considering an isotropic surface energy. Here, we extend such
a study by showing first the morphological changes of faceted isolated crystals.
Then, the evolution of dense arrays is considered, describing their coalescence
along with the evolution of facets. Combined with the previous results without
anisotropy in the surface energy, this work allows us to confirm and assess the
key features of the coalescence process.
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1. Introduction

Heteroepitaxy of semiconductors is widely exploited to improve the perfor-
mances of opto- and micro-electronic devices. A well-known example is repre-
sented by Si;_,Ge, films grown on Si(001) substrates, as they are a key for the
heterogeneous integration of electronic components in the Si-based technology
[1]. Indeed, the Ge/Si system, characterized by both lattice (4.2%) and thermal
(130%) misfit, can be considered a prototype for the investigation of more com-
plex configurations involving other materials. In close-to-equilibrium conditions,
i.e. high temperatures and low deposition fluxes, the growth of Ge films on Si
is initially characterized by the formation of self-assembled three-dimensional
(3D) islands, following the so-called Stranski-Krastanov growth modality [2, 3].
At later stages, the insertion of linear defects, i.e. dislocations, is eventually
observed [4]. For deposition rates (and/or temperatures) high (low) enough
to substantially reduce the surface diffusion length, i.e. in out-of-equilibrium
conditions, the formation of planar films is achieved from the very beginning,
relaxing the lattice strain by the insertion of misfit dislocations [5]. Still, two
main technological problems are encountered. First, the misfit segments of
dislocations at the Ge/Si interface terminate at the film surface by threading
arms, which are very detrimental for the performances of devices. Second, thick-
enough films generate wafer warping and cracks, due to the different thermal
expansion coefficients of Si and Ge [6].

Recently, vertical 3D Ge (or Sij_,Ge,) crystals on deeply patterned Si sub-
strates have been demonstrated at the micron scale by Low Energy Plasma En-
hanced Chemical Vapor Deposition (LEPECVD) [7]. In contrast to the growth
on planar substrates, separated crystals were obtained with large height-to-base
aspect ratios and peculiar 3D morphologies characterized by a complex faceting
[8]. This was achieved thanks to the out-of-equilibrium conditions ensured by
LEPECVD. In particular, the growth kinetics was mainly determined by both
the orientation-dependent incorporation rate and the mutual shielding of the

incoming material flux [7, 8]. Such vertical structures were proven to be of very
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high crystalline quality [7]. Moreover, thanks to their high aspect-ratio, they
permit to confine dislocations threading arms in the lower part of the crystals
[9] and fully relax thermal strain [7].

In Ref. [10] we investigated the evolution of these vertical Ge/Si heterostruc-
tures induced by annealing. The coalescence of closely spaced crystals was re-
ported, providing a viable path for the formation of high-quality suspended net-
works, with promising properties for the heterogeneous integration of semicon-
ductors. This mechanism was explained by taking into account the thermally-
activated surface diffusion [11, 12], driven by the tendency toward the minimiza-
tion of the surface energy only. Indeed, at variance with standard heteroepitaxy
[13], the elastic energy contribution is typically negligible in Ge/Si vertical crys-
tals thanks to the peculiar elastic and plastic relaxation mechanisms [7, 14].
Moreover, volumetric contributions promoting the alloying of different materi-
als during post-growth annealing are expected to affect only a small region of
a few monolayers at the Ge/Si interface [13], not influencing the evolution of
the Ge surface. Dedicated simulations were performed exploiting a 3D Phase-
Field (PF) model [15]. Such an approach was selected to conveniently tackle
the evolution of complex geometries, also in the presence of major topological
changes. For the sake of simplicity, however, only isotropic surface energy was
there considered.

Thus, the evolution of Ge microstructures was qualitatively described by
neglecting any dependence of the surface energy on the local orientation i [10],
although crystals are known to exhibit preferential faceting which results from
anisotropic surface energy densities () [16, 17]. In general, once (1) values
are known, the equilibrium crystal shapes (ECS) can be obtained by means of
the so-called Wulff construction [18, 19]. However, more advanced tools are
required to describe the changes in the faceting of crystals during the evolution
towards the equilibrium [20]. Despite the initial faceting of Ge microcrystals
is determined by the growth kinetics [8], the surface-energy dependence on i
is expected to become important for high-temperature treatments, as close-to-

equilibrium conditions are achieved. Indeed, experiments clearly show changes
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in the faceting during post-growth annealing processing. Actually, new facets
characteristic of the ECS appear, which are absent in the as grown profile [10].

The PF framework deals with the description of surface diffusion evolution
in the presence of an anisotropic y(f1) [15]. This holds true also in the strong
anisotropy regime, i.e. when sharp corners appear in the ECS and a proper
energy regularization should be adopted as the evolution equations become ill-
defined [21]. Moreover, such an approach has been demonstrated to tackle
the 3D evolution of realistic faceted morphologies [22]. Tt is worth mentioning
that the diffuse-interface approach allow for a general description of material
processing also accounting for the growth with anisotropic velocities (see for
instance Refs. [23, 24]). Therefore, it also represents a promising tool for the
investigation of competitive mechanisms involving both surface diffusion and
growth dynamics.

At variance from Ref. [10], in this work we aim to provide a more realistic de-
scription of the crystals coalescence by explicitly accounting for the anisotropy
in the surface energy, responsible for the faceting in the thermodynamic regime
of annealing. This provides a better match to the experimental evidence and
permits a deeper understanding of the mechanisms behind coalescence. In par-
ticular, we first discuss the definition of a continuous ~(f) function, obtained
by interpolating the values of the known preferential orientations of Ge crystals
reported in literature [16]. PF simulations of surface diffusion accounting for
this definition of (1) are then performed to assess the morphological evolution
of isolated microcrystals during annealing. Closely spaced crystals are finally
considered in order to describe their coalescence along with the facets evolution,

and the role of the surface anisotropy is discussed.

2. Phase-field model

In order to describe the morphological evolution by surface diffusion for 3D
crystals, we adopted a continuum description based on the so-called phase-field

(PF) model [15]. An auxiliary function ¢(x) is used as an order parameter de-
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scribing the solid phase, ¢ = 1, and the vacuum phase, ¢ = 0, with a continuum

variation in between. A suitable choice for ¢ is given by

o(x) = % [1 _ tanh <3d(x))] , (1)

€

with e the interface thickness and d(x) the signed distance from the surface
of the solid phase, namely the ¢ ~ 0.5 isosurface. The evolution based on
thermodynamic driving forces requires to define the free energy F' as a function
of ¢. Since the crystals are fully-relaxed from the mechanical point of view (by
both plastic and elastic relaxation mechanisms), and intermixing effects can be
neglected [7], only surface energy should be considered. According to Ref. [21],
the energy functional is

Flel = [ @) (51962 + 1500 Jax+ [ DnePix @)
The first integral is the Ginzburg-Landau functional, with B(p) = 182%(1—¢)?,
~v(n) the surface energy density and n = —V¢/|Vy| the outer-pointing sur-
face normal. The second integral is the regularization required for strongly
anisotropic systems, namely the Willmore regularization [21], which correspond
to an edge/corner energy term [25]. k(p) = —eVZp + (1/€)B’ () is the approx-
imation of the curvature in the PF approach. This regularization produces a
rounding of the corners controlled by the 8 parameter. The surface diffusion
mechanism [11, 12] is then derived as an evolution law for ¢ [15] as

% v (), Q

with M () = 2MyB(y)/e the mobility function restricted to the surface, with
My as a scaling factor, and p the chemical potential. The latter is defined by
21]
. 1 . .
9(p)p = 0F/dp == eV - [1(B)Ve] + —y(8) B'(¢) = €V - [[Vp|* Vv (0)] +
1
+5 (Vi + 3B (o)
(4)
with Vg, the gradient along the direction of V¢ and g(p) = 30p%(1 — ¢)?

a stabilizing function included to improve the convergence of the present PF
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model to the surface diffusion in the sharp-interface limit, recovered for ¢ — 0
[26, 27]. In the following we will consider time expressed in arbitrary units. For
consistency with the Ge/Si vertical heterostructures reported in the literature,
e.g. in Refs. [7, 8, 10], the unit of length is scaled in pm.

The numerical integration of the evolution law for ¢ is obtained by solv-
ing the system of the partial differential equations for dp/dt, g(p)p and k. A
semi-implicit integration scheme similar to the one reported in Ref. [22] is con-
sidered, with numerical stability improved by following the approach proposed
in Ref. [28]. The implementation of such a framework has been performed
within the AMDIS Finite Element Method toolbox [29, 30], and solved by both
direct and iterative solvers. In order to optimize the required calculations, a
non-uniform space discretization has been adopted with refined mesh at the

interface, where surface diffusion evolution is active.

3. Anisotropic surface energy

When considering the anisotropy of the surface energy, the data available in
the literature typically consist of a discrete set of + values for the preferential
orientations. From these data, one can calculate the expected ECS in agreement
with the Wulff construction [18]. In Fig. 1a, such a shape is calculated using
the Wulffmaker software [31], accounting for the main families of facets for Ge,
i.e. {100}, {113}, {111} and {110}, and the corresponding surface energy values
reported in Ref. [16].

The PF approach described in Sect. 2, however, requires a continuous (1)
function with values for each orientation. The description of the anisotropic
surface energy that we adopt here is based on the general expression of (1)

introduced in Ref. [22], i.e.
N
7(0) =70 (1 — > a(h-1h,) " O(h - Iﬁi)) , (5)
i=1
where N is the total number of the energy minima in (1) along the directions

m; with depth «;. The w; parameters control the width of the minima, i.e. the
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range of the orientations i around rn; where (1) is lower than ~y. For large
enough w; values, we have y(1m;) = v9(1 —«;). © is the Heaviside step function.

The surface energy of real Ge crystals is reproduced by selecting m; and «;
in order to match the orientations of the minima and the surface energy values
reported in the literature [16]. In particular, we focus our attention on the main
preferential orientations, corresponding to {100}, {113}, {111} and {110} facets
as in Fig. la. The energy of the facets with normal along (100) directions is
considered as a reference, assuming o199y = 0.15. The «; coefficients are then

obtained by

ap=1— (7) (1= agio0)), (6)

7Y (100)

where ¢ indicates one of the aforementioned families of facets and ~; is the corre-
sponding surface energy value reported in Ref. [16]. Notice that ~, is not present
in Eq. 6 as it does not affect the ratio between different minima. Therefore it
can be used as a scaling factor in order to match the desired magnitude of the
surface energy. For the sake of simplicity we set 79 = 1. The w; parameter has
been selected equal to 100 for minima along (113) directions and to 50 for the
other minima to ensure no superposition of the different contributions in the
sum of Eq. (5) for each m; [22].

The (1) resulting from such a procedure, with «; values from Eq. (6), is
shown in Fig. 1b. This construction of the surface energy density accounts for
every possible orientation of the crystal and not only for the ones correspond-
ing to surface energy minima. In principle, this allows for a fine tuning of
~(n) including also the connections between facets. However, these orientations
are affected by local features of the crystals such as vicinal surfaces and step
bunching, which are generally unknown and difficult to be addressed. With this
respect, the formulation for the (1) function of Eq. 5 (as shown in Fig. 1b)
represents a convenient fit of a continuous function passing through the known
energy minima.

The equilibrium configuration given by the (n) function shown in Fig. 1b is

obtained by the PF model of surface diffusion described in Sect. 2, starting form
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Figure 1: Surface energy density and equilibrium shape. (a) Equilibrium crystal shape
bounded only by {100}, {113}, {111} and {110} facets. Their extensions is set according
to the surface energy density values in Ref. [16] (computed by Wulffmaker [31]) (b) fAy(f)
plot of the continuous surface energy function obtained by tuning Eq. (5) with the minima
of the surface energy as in panel (a). The color map shows the values of v(f). (c) Equilib-
rium configuration obtained by a PF simulation of surface diffusion, in the presence of the

anisotropic (f1). Dashed lines illustrate the outline of the resulting facets.
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a sphere. The initial profile is set by considering Eq. (1) with e = 0.05 and a
signed distance defined by d(x) = |x| — R with R the radius of the sphere, set to
1 in the present simulation. Hereafter the reported surface profiles correspond
to the 0.5 iso-surface of ¢(x). The regularization parameter § is arbitrarily
set to 0.003 to ensure small rounding at corners and edges. The differences in
~(f1) on the surface of the sphere induce a material flux following the gradient
of the chemical potential, as described by Eq. (3), and lead to the equilibrium
configuration. The final shape shows a faceting of the surface resembling the
morphology in Fig. 1la but it also includes the intermediate orientations with
respect to the preferential ones. The regularization term in Eq. (2) avoids the
presence of sharp edges and corners producing rounded connections between
facets [21, 22]. This leads to a slightly different shape than the one in Fig. 1la
and the outlines of the facets are not sharply defined. However, the equilibrium
configuration keeps all the main features obtained by the Wulff construction, as
also shown by the dashed lines in Fig. 1c.

It is worth mentioning here that the evolution described by the PF model
provides a real kinetic pathway towards the equilibrium crystal shape starting
from any initial configuration. Moreover, the description of a realistic surface
energy is included. However, the present model does not account for the possi-
ble energy barriers for the diffusion among different facets (thus assuming full
activation of the diffusion processes) whose description requires a dedicated de-
velopment of the considered PF framework, out of the purposes of the present
work. The assumption considered in the model revealed to be effective in de-
scribing the main features of the evolution by an a-posteriori comparison with

the evidences in Ref. [10].

4. Results and Discussion

As assessed in Ref. [10], the evolution in time of the 3D Ge microstructures
with large (height-to-base) aspect-ratios and isotropic surface energy, is mainly

characterized by a rounding of the crystals, leading to the lowering of the aspect-
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ratios. This is the key enabling feature for the coalescence process occurring in
closely spaced crystals. When accounting for the anisotropic surface energy, as
shown in Fig. 1c, facets are obtained and this may significantly affect the global
rounding and the lateral expansion. Actually, some investigations have been
reported in the literature describing the evolution by surface diffusion of elon-
gated structures, such as simple rectangles or parallelepipeds, in the presence
of surface faceting. Results have been obtained, for instance, by a fully-faceted
approach in 2D [20] or within the PF model dealing with the 3D evolution [22].
According to these works, an enlargement of the elongated structures is still
obtained also in the presence of faceting. This suggests that this feature will be
also present when explicitly considering the anisotropy of v(f1) in our system of
interest.

In order to investigate this behavior in the specific case of 3D Ge micro-
crystals, we focus on the typical experimental structures introduced in Ref. [7].
They are obtained by deposition of Ge, up to a thickness of 8 pym, on 2 x 2
pm? wide, 8 pm tall Si pillars. In particular, we consider a realistic initial pro-
file closely resembling the morphology of the experimental shape obtained at a
growth temperature of ~ 500 °C [7, 8] (see t = 0 in Fig. 2). The Si pillar below
the Ge crystal is modeled as a simple cylinder where the mobility vanishes, i.e.
My ~ 0 [10]. This is justified by the very low mobility of Si compared to the
Ge one [32] at the typical processing temperatures, up to ~ 800 °C during an-
nealing. The presence of a small amount of Ge on the sidewalls of the Si pillars
is also considered, in agreement with the experimental evidence.

The evolution by surface diffusion of such a structure with the v(f1) defined
in Sect. 3, is shown in Fig. 2, where ¢ = 0.2. The color map shows the local v(1)
values, highlighting the presence of the facets where a uniform color is obtained
at almost constant n. Moreover, rounded connections between facets, with high
values of v(n1), are obtained as imposed by the regularization in Eq. (2) [21]. In
the first stages, the original faceting resulting from the kinetic growth is modified
by surface diffusion. Indeed, the pyramid bounded by {113} facets at the top

of the crystal in the initial configuration, evolves into a truncated pyramid with

10
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Figure 2: Evolution by surface diffusion of an isolated crystal. The initial geometry is set
to closely resemble the experimental one obtained at a growth temperature of ~ 500°C in
Refs. [7, 8]. (a) Top and (b) lateral view of four representative stages are reported. The color
map shows the (1) values. Dashed arrows mark the families of facets. Time is expressed in

arbitrary units.
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the clear appearance of the (001) facet, as expected from the equilibrium crystal
shape (see Fig. 1). This feature has been directly observed in the experiments
in Ref. [10] and cannot be reproduced by the evolution with isotropic surface
energy. Moreover, the facets which are stable according to the surface energy,
and already present in the initial configuration, are preserved. Faceted sidewalls
appear as imposed by the choice of v(f1) with also the formation of (+100) and
(0£10) facets at the vertical edges. At the bottom of the Ge crystals, where the
initial profile shows unstable orientations, a complex faceting is formed involving
several different facets, providing the average slope required to match the size
of the Si pillar with the Ge crystal on top. A transfer of the material around
the Si pedestal towards the planar substrate is also observed, until exposing the
Si. Indeed, faceting at the bottom of the whole structure is observed and the
height of the planar region around the structure increases. As can be noticed
from Fig. 2, comparing the first stages with the morphology at ¢ = 15, the
global evolution leads to a lowering of the crystal which results also slightly
enlarged. In agreement with the evidence reported in Ref. [10], when considering
closely spaced structures separated by a few tens of nanometers, this behavior
would produce the filling of the gap between the crystals. So that coalescence
occurs and the dynamics varies significantly with respect to the isolated crystals
discussed so far.

The more complex evolution of crystal arrays is here investigated by focusing
on the same initial geometry used for the simulations of Fig. 2, in order to
reproduce an evolution as close as possible to the real systems. In particular, the
initial profile consists of crystals aligned along the [110] and the [110] directions
with a periodicity equal to 4 um. The resulting gap between crystals is ~
0.4 pm. Periodic boundary conditions are considered for the lateral sidewalls
of the simulation cell. The evolution for such a system is illustrated in Fig. 3,
where representative stages of the PF simulations are shown. Color map shows
the local (1) values as in Fig. 2. In the first stages of the evolution, crystals
are not affected by the neighbors and the morphological changes are the same

as discussed for isolated crystals (¢t = 1.0, as in Fig. 2). Then, coalescence

12
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Figure 3: Surface diffusion evolution by the PF simulation of closely spaced crystals. (a) Top
view of the crystals at representative stages of the evolution. The last top view (upper right-
hand corner) shows the final stage corresponding to the complete flattening of the suspended
film. (b) Perspective view of the three-dimensional evolution. Time is expressed in arbitrary

units.
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of crystals along [110] and [110] directions is obtained. Bridges are formed in
between (as shown for ¢ = 2.5). These regions act as sinks collecting material
from the surroundings as can be appreciated by comparing the extension of
the merging at t = 2.5 and t = 6.0. This produces a global lowering of the
upper portion of the crystal with the disappearance of large {111} facets at
the top, favoring the extension of {113} facets. Also {110} facets, which may
extend due to the free surface between bridges (see ¢t = 6.0), grow larger up to
the closure of the holes while (001) facets are formed on top of the coalesced
regions. At later stages the complete closure of the holes is achieved, resulting
in a continuous surface with a faceted profile as shown at ¢ = 9.5. During this
stage, new (001) facets are formed when holes are filled while the other flat
regions extend. Moreover, the extension of {113} and {110} facets is gradually
reduced. Eventually, the suspended film flattens and a single (001) surface is
obtained on top of the structure as the final stage (¢ = 15), shown by means of
the top view at the upper right-hand corner of Fig. 3.

Further insights on the coalescence process can be extracted by looking at
the values of the free energy in time, namely F(t), with F' defined by Eq. (2).
In Fig. 4 we show the F'(t) values, normalized with respect to the surface energy
of the initial configuration (at ¢ = 0). Two abrupt changes of the slope can be
easily recognized and correspond to the topological changes of the structure, i.e.
the coalescence of the crystals and the filling of the holes. In the other stages,
an almost smooth decrease of the energy is observed. The end of the evolution
is achieved when F'(t) reaches a constant value. All these features are general as
they are observed also with isotropic v(n1). Furthermore, they are not affected
by the specific choice of the surface energy.

From the results obtained so far we can conclude that the explicit description
of the anisotropic surface energy allows for a more detailed description of the
whole evolution by surface diffusion. Moreover, it does not lead to differences in
the general mechanism of coalescence, as can be easily inferred by a comparison
of the simulations provided here with the evolution in the presence of isotropic

surface energy in Ref. [10]. However, it is clear that the presence of facets
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Figure 4: Surface energy decrease during the evolution by surface diffusion for the simulation
of crystal coalescence reported in Fig. 3. Insets show top view of the evolving morphology at

representative steps.

imposes some constraints on the whole shape. For instance, in contrast to the
rounding obtained with isotropic (1), faceted sidewalls are obtained here. As
far as the coalescence occurs when sidewalls get in contact, this is expected to
play a role.

In order to clarify this point we consider a simplified system made of crys-
tals with a cylindrical shape and a height-to-base aspect ratio resembling the
experimental systems of Ref. [7]. Alignment along [100] and [010] directions is
considered with a gap between crystals of 0.5 pym. Then, two different (1)
functions are selected (including, however, some preferential orientations for Ge
crystals), yielding different faceting at the sidewalls. In particular, v (@) is set
with m; along all (111) and (100) directions while (1) is set with m; along the
directions of the same family but only with a positive component along the [001]
direction. For both these definitions we select a; = 0.1 and w; = 30. This way,
sidewalls are forced to exhibit (+£100) and (0£10) facets when considering 7, (1)
while they result in a rounded profile with vo(f1). A difference in the onset of
coalescence is observed when considering v (1) or y2(11), as illustrated in Fig. 5.

The elapsed time of the simulations is the same for both the panels of Fig. 5 but,

15
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Figure 5: Coalescence occurrence with different (simplified) surface energy anisotropies. The
initial condition and the elapsed time is the same for both the simulations where two different
~(n) definitions are considered: (a) 71(f) with 1h; along (111) and (100) directions and (b)
~2(f1) with minima along only the (111) and (100) directions with positive component along

the [001] direction. Color map shows the (1) values.

despite coalescence already occurred when considering 7> (1), separated crystals
are still present with ~ (f1). Therefore, when straight facets are enforced at the
sidewalls, the enlargement leading to the coalescence is actually slowed down.
However, in agreement with the simulations of Fig. 3, the merging of crystals is

expected to occur at later stages also with vo(f).

5. Conclusions

In this work, we have theoretically investigated the morphological evolution
of vertical Ge/Si heterostructures triggered by the surface diffusion mechanism
in the presence of a realistic description of Ge surface-energy anisotropy [16],
providing a direct application of the general formulation introduced in Ref. [22].
Simulations by means of a PF model of surface diffusion were exploited to de-
scribe the 3D evolution of the Ge crystals, involving the thermodynamic faceting
of the initial profile and the global morphological change of the whole micro-

crystals.
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This investigation provided a detailed description of the expected evolution
when promoting surface diffusion mechanism, e.g. when increasing the temper-
ature during annealing experiments [10] or deposition [33]. In particular, the
evolution of isolated Ge/Si structures was shown, together with the description
of the coalescence of closely spaced crystals. If the general evidence of such an
evolution have been presented first in Ref. [10] by neglecting anisotropy, the
present work allowed us to clarify important additional details of the evolution
during annealing and to strengthen the previous theoretical analysis. In Ref. [10]
lateral enlargement of the crystals during annealing was identified as the key
mechanism leading to coalescence. Here, we assessed this conclusion by show-
ing that anisotropic surface energy does not change qualitatively the process.
Indeed, the presence of faceting does not fully inhibit the lateral enlargement,
which determines the contact between crystals and in turn the merging of crys-
tals. However, we also showed that tackling preferential faceting is crucial if a
close comparison with experiments is desired. The presence of surface facets is
found to generally affect the time scale of the morphological evolution and also
prevents the formation of unrealistic rounded surfaces. Moreover, some features
predicted by our simulations nicely reproduce fine details of the annealing ex-
periments of Ref. [10] as, for instance, the appearance of a defined (001) facet by
the annealing of initial profile with a pyramid bounded by {113} facets at the
top of the structures. This correspondence further confirms that the evolution
of vertical Ge crystals obtained by annealing experiments is mainly determined
by the activation of the surface diffusion driven by tendency toward the mini-

mization of the surface energy.
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