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We demonstrate that the step-train orientation of a vicinal surface plays an important role in solid-state
dewetting. Focusing on SOI(111), we observe the formation of hexagonal voids in the silicon film due to
dewetting. These voids are surrounded by an asymmetric rim, which is wider on the higher-terrace side
compared to the lower-terrace side. Our findings also reveal a layer-by-layer growth of the rim around the
dewetting voids during the early stages, before the formation of branched structures. Dewetting fingers develop
faster and are thinner in the step-down direction compared to the step-up direction. Kinetic Monte Carlo (KMC)
simulations confirm our experimental observations and provide insights into the atomic details underlying rim
and finger formation. During the initial stages of dewetting, the nucleation of a new rim layer is not required:
Atoms leaving the dewetting void are captured by the adjacent upper step, leading to the growth of the upper
terrace that thus surrounds the dewetting void. The nucleation of a new rim layer only becomes necessary
when the distance between the edge of the void and the upper terrace increases. The energetics involved in

the dewetting kinetics of SOI(111) are consistent with those of SOI(100).

1. Introduction

Thin films deposited on a substrate are often unstable and tend
to agglomerate and form isolated particles. This process, known as
dewetting, occurs not only in the liquid state, but also in the solid state,
at temperatures well below the melting point. Dewetting is driven by
the minimization of the surface and interfacial energies. Generally, the
process starts at film defects, like grain boundaries, holes, inclusions,
or film edges. Then, the film morphology evolves, mediated by surface
diffusion. The important morphological changes taking place during
solid state dewetting can render devices inoperative. This problem is
of particular concern for metal silicides and silicon on insulator (SOI)
used in microelectronic devices [1,2]. Several methods to avoid or to
stop dewetting have thus been explored (for a review see [3]). While
dewetting limits the reliability of some devices, on the other hand, it
can also be used to obtain isolated particles on a substrate. Several
studies have been devoted to form organized patterns of 3D particles
on a substrate by dewetting, some examples are presented in [4-11].

SOI is particularly suitable for understanding the dewetting mech-
anisms from a fundamental point of view because (i) as the film is a
single crystal, there is no grain boundary where agglomeration could
start or perturb the process and (ii) the amorphous substrate allows
neglecting interfacial structure effects. In this work we focus on the
effect of a parameter that is often overlooked in dewetting studies: the
role of atomic steps at the surface of the thin film and in particular
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the step-train orientation at the surface. Atomic steps on the surface
of materials are of paramount importance in materials science, for
instance they affect reaction rates in catalysis, are crucial in crystal
growth and nanostructure formation, and can have an effect on mate-
rial wettability. We show that the step-train orientation affects both (i)
the morphological anisotropy of the rim of dewetting voids, and (ii) the
main propagation direction, the kinetics and the thickness of dewetting
fingers. In the early dewetting stages, before the formation of branched
structures, the rim around the voids grows layer by layer. Furthermore,
while SOI(100) has been widely studied [4,12-17], we here investigate
dewetting of SOI thin films close to the (111) orientation. From a
“control” point of view, the film orientation is a parameter that can
be used to obtain specific arrangements of particles by dewetting. Often
thin films of materials with fcc structure adopt (111) surface orientation
because growth along the [111] direction corresponds to the highest
packing density of atoms [18-20]. The Si (111) surface has a 3-fold
symmetry and can be considered similar to fcc materials with (111)
surface orientation, therefore our results should be relevant for several
other systems.

2. Experimental and modeling details

SOI(111) wafers with Si thickness of 1 + 0.1 pm were supplied by
Siegert Wafer GmbH. From a wafer, squares of 1 x 1 cm? are cut with
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a wire saw. Then, the Si (111) layer of the samples is thinned to a
thickness of about 30-60 nm by reactive ion etching in .S Fy plasma. The
etching rate is monitored by a laser interferometer and the final Si (111)
layer thickness values are measured by a laser ellipsometer (Sentech
SE400) and a contact profilometer (Bruker Dektak XT). The sample
surfaces are chemically cleaned with the procedure described in [21].
In the last preparation step, a thin protective oxide layer is obtained.
The in-situ observations are carried out in a low energy electron micro-
scope (LEEM III, Elmitec Gmbh). The samples are introduced in Ultra
High Vacuum (UHV) and degassed at about 1000 K for several hours.
They are then annealed at temperatures around 1030 K to remove
the protective oxide layer. The temperature is slowly increased, while
observing the sample surface to detect regions where dewetting starts.
The LEEM is operated in bright field mode, using electron energies
below 3 eV. The images are acquired at rates of 0.1-1 Hz. In this
work we have not observed surface modifications due to the long time
exposure of the samples to the electron beam. In LEEM, the electrons
interacting with the sample have energies lower than 10 eV, and in
this work we have only used electron energies lower than 5 eV. In the
LEEM community, it is usually considered that low energy electrons
are scattered from the outer parts of the surface potential and that the
electrons used for imaging do not affect chemical processes or surface
phenomena [22]. Furthermore, the results of SOI dewetting obtained
by LEEM in previous studies are consistent with the results obtained
with different techniques, particularly as regards the atomic diffusion
energies [14]. We thus assume that the electrons hitting the sample
have a negligible effect on dewetting. The temperatures are measured
with a precision of 30 K, using a disappearing-filament pyrometer,
calibrated with the 7 x 7 to 1 x 1 surface phase transition occurring on
Si(111) at 1103 K [23]. After the LEEM experiments, the samples are
studied in air by atomic force microscopy (AFM) in tapping mode, out
of the UHV, in a Park XE-100. A JEOL JSM 7900F is used for scanning
electron microscopy (SEM).

Simulations are performed using a 3D kinetic Monte Carlo (KMC)
model developed specifically for this work, based on a fcc lattice where
the (111) plane is parallel to the substrate and to the film surface, or
is slightly misoriented to address the role of the step orientation. A
general introduction to the KMC method can be found in [24], and
details on 3D KMC models are available in [25]. Simulations performed
with our model are suited for comparisons with several metallic thin
films showing fcc structure and (111) surface orientation (e.g. Au, Ni,
Cu). Silicon has a diamond-like crystal structure, which is a fcc Bravais
lattice with a 2-atom pattern. Since the atomic steps on the Si(111)
surface are bi-layer steps, modeling by a fcc lattice is relevant.

In our model, atoms can only occupy positions of the fcc lattice.
Atoms can exclusively migrate to lattice positions with neighbors. These
locations include the film and the substrate surface. The simulation box
has in-plane periodic boundary conditions, meaning that atoms going
out from one side of the box reappear at the opposite side. Atoms
jump to unoccupied neighboring lattice positions with probabilities
proportional to v, exp[—(n J—Eg 6g)/(kT)], with n the number of nearest
neighbors, J is the binding energy (taken as the energy unit), T is
the temperature and k is the Boltzmann constant. The jump attempt
frequency v, defines our unit time, and is assumed to be equal for all
atoms. The time step between jumps is taken as the inverse of the sum
of all the jump rates [24]. Eg is the film/substrate excess energy and
defines the wetting properties between the substrate and the film: Eg =
Yritm + Yinter face = Ysubstrates With v the surface and interfacial energies.
Eg is related to the film/substrate contact angle ¢: as from the Young
equation Yfilm cosf = Ysubstrate — Vinter faces then ES = yfilm(l — cos6).
In the simulations, Ejy is fixed to 2.99J (strong dewetting tendency to
speed-up simulations). &g is 1 for the atoms of the first film layer, i.e. at
the interface with the substrate, and O for the other atoms. For further
information on Eg and y, see the supplementary material in [25]. In the
simulations, the atomic jumps are selected according to a rejection-free
Monte Carlo algorithm written in Fortran 90. At each step of the main
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Fig. 1. (a): stroboscopic image made from three LEEM images (bright field, 5 eV
electron energy, 1140 K). The blue and the red shapes are taken 493 s and 888 s
after the black one. The initial void shape is hexagonal, but in later stages the corners
dewet faster and from there fingers start developing. (b): void finger with a thin rim
at the tip and thicker rim at the edges. (c): In advanced stages of dewetting the
initial hexagonal shape of the void is only barely visible, the development of fingers
in the 3-fold symmetry of the (111) SOI surface makes the total dewetted area look
hexagonal with three sides longer than the other three. This is more evident in image
(d) taken in another area of the sample. The initial hexagonal shape of the void can
be recognized from the weak white lines due to SiO, etching in the reaction between
Si and SiO, [26,27]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

algorithm cycle, a jump is chosen and the time advances by one time
step. The new number of neighbors of the lattice positions around the
starting and the arrival positions is calculated. Then the new jump rates
are defined for all the atoms whose neighbors have changed, and the
cycle can start again.

3. Void opening and dewetting in SOI(111)

As expected, we have observed by LEEM that in SOI(111) the voids
that form in the initial stages of dewetting are hexagonal and not
square, as in SOI(100) (see Fig. 1a) . These results are in agreement
with those reported by [28,29]. Fig. la is a stroboscopic image of
a void opening in SOI(111) at 1140 K. The void areas after 493 s
and 888 s with respect to the black shape are represented in blue
and red, respectively. The image shows that, during dewetting, the
void area increases and the hexagonal shape is destabilized from the
corners, where dewetting fingers develop. Increasing the temperature
accelerates the finger formation. Silicon material accumulates in a rim
around the void. When fingers develop, no rim is visible at the finger
tip (see Fig. 1b). In advanced stages of dewetting, the initial hexagonal
shape of the void is only barely visible (see Figs. 1c and 1d). The
fingers have no fixed direction, however often they are observed to
propagate in < 11-2> directions. Therefore, as shown in Fig. 1(d), the
total dewetted area looks like a hexagon with three long and three short
sides.

AFM observations provide further insights into the early stages of
dewetting. The defect where dewetting starts is most often a protrusion
(see Figs. 2a and 2b) or a hole in the SiO, substrate (see SEM results
in Fig. 4). However we have also observed dewetting regions with no
apparent starting defect, therefore coalescence of vacancies as origin of
dewetting cannot be excluded [25,30]. When the dewetting region has
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Fig. 2. (a): AFM image of a dewetting void in the first formation stages, before the
development of long fingers. The red area around the void is a rim that displays a
surface with no steps, i.e. a uniform atomic terrace of orientation (111). (b): Height
profile taken along the blue line in (a). The unperturbed Si film and the SiO, substrate
are roughly parallel and form an angle of 0.4° with the rim surface. The angle is
measured between the line of the Si film and the horizontal given by the (111) surface
of the top of the rim. Close to the rim, the SiO, substrate has been etched in the
Si+Si0,=2Si0O (gas) reaction. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. (a)-(e): sequence of LEEM images (2 eV electron energy, 1130 K) showing that
dewetting fingers preferentially develop along the rim of already formed fingers.

not yet formed fingers, the top of the rim where Si accumulates is a
flat (111) terrace. This is evidenced in Fig. 2a, where a circular region
surrounding the dewetted zone shows no height variations (uniform
color and no steps), and in the height profile of Fig. 2b, taken along
the blue line of Fig. 2a. Notice that the vicinal Si surface formed by
successive flat terraces alternating with monoatomic steps is globally
parallel to the SiO, substrate but forms an angle of 0.4 degrees with
the (111) plane (the top of the rim). The rim is asymmetric: narrow
and high with respect to the nearby film terraces on the step-down side
(bottom left in Fig. 2a), and wide and low in the step-up direction (top
right in Fig. 2a). This rim morphology is also observed by SEM (see
later).

The initial hexagonal shape is unstable with respect to void finger
formation. The dewetting fingers advance much faster than the hexag-
onal void edges. They do not always follow crystallographic directions,
however, especially at low temperatures, they are preferentially ori-
ented along < 211> directions. As shown in the LEEM image sequence
of Fig. 3, fingers develop close to the rim of already dewetted area,
as the atomic steps available in already formed rims act as sinks
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Fig. 4. (a): SEM image showing three dewetting regions. They have all started from
a void, have developed large and short fingers in the step-up directions, and thin,
branched fingers in the step-down direction. (b): SEM image showing that the rim
around a dewetting void is wider on the step-up side than on the step-down side,
where branched fingers develop. (c): highlight of the wavy shape of dewetting fingers.
Notice that fingers can have sharp tips with no rim (top right), or can be faceted and
display a rim. The lines inside the void fingers are due to the reaction between Si and
SiO, to form SiO.

of adatoms, while far from rims, atoms removed from the Si/SiO,
interface would have more chances to diffuse back into the void finger
(which would thus develop slowly). The SEM image of Fig. 4a shows
that the hole where dewetting (presumably) started is closer to the
higher terraces than to the lower terraces. Furthermore the void fingers
are thinner and develop more in the step-down direction than the
fingers that form in the step-up direction (see Fig. 4b, where the wider
rim on the higher-terrace side is also visible). Therefore the step-train
orientation of the vicinal surface strongly affects dewetting. Fig. 4c
shows that dewetting fingers are often wavy. The void finger on the top-
right of the image (red ellipse) has a sharp tip with no rim, while other
finger tips are faceted and have a rim (green rectangle). As observed
by LEEM and KMC, void fingers with a sharp tip advance faster than
fingers with a faceted tip and an extended rim. Etch lines due to the
reaction between Si and SiO, to form volatile SiO [26] are also visible
within the voids.

By LEEM, we have been able to study the dewetting mechanism in
the initial stages of void opening, when well-branched fingers have not
yet developed. Fig. 5 shows some snapshots of the movie available as
supplementary material. The dewetting void of Fig. 5a is surrounded
by a rim. The nucleus of a new rim layer has already formed and
is growing in Fig. 5b (see the arrow). The rim layer extends around
the dewetting void in Fig. 5c. Then the rim widens (Fig. 5d). This
observation proves that the terraces around the void visible in Fig. 5a
are lower than the rim, otherwise the rim would form by extension
of the terraces from the exterior to the interior of the void, without
nucleation of a new rim layer. After a certain time the process described
above is repeated, and the height of the rim increases layer by layer.
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Fig. 5. Sequence of LEEM images showing the formation of a new rim layer, electron energy 0.8 eV, 1240 K. (a): a dewetting void that has not yet formed branched fingers is
surrounded by a rim that displays a surface without steps, like the rim imaged by AFM in Fig. 2(a). (b): a new rim layer has nucleated on the right of the void and is growing
around the void towards the left of the image. (c): the rim layer has completely surrounded the void, a step is visible on the rim surface. (d): the rim layer extends towards the

exterior of the void.

temperature [K]
1261 1209 1160 1115 1075

16 (a) 4 '\\ (C)
!\
— 37 \!\
© o AN
& 12+ o € 2 PN
E / g : )
3 -ﬁ g " z slope: ) =
© 8- g 8 E 4 3 pe: N
e £ i3 N, 376V
4 -14 £ & ..
£ 96 8 1 B -
T T T T T — 1.0 T T T T T T T T 25 LT T T T
0 200 400 600 800 1000 1200 0 100 200 300 400 500 600 700 800 9.2 9.6 10.0 104 10.8
time [s] time [s] 1/(KT)

Fig. 6. (a): Area growth as a function of time of a dewetting void in the first stages, before the development of branched fingers. The void area grows linearly with time, with
different slopes according to the temperature. From the bottom to the top, black: 1155 K, red: 1170 K, green: 1180 K, blue: 1195 K, light blue: 1205 K. (b): area growth as a
function of time of two voids at 1125 K. The void that develops branched fingers (green triangles) grows non-linearly with time and faster than the other void (red circles). The
inset shows the two voids at the end of the measurements. (c): natural logarithm of the velocity of a fingered dewetting front as a function of 1/(kT). The dashed line is a linear
fit through the data points. The inset shows the fingered front used for the velocity measurements. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

This observation proves a layer-by-layer growth mode of the rim for
SOI(111), as also observed in dewetting of SOI(100).

4. Kinetics

We have studied by LEEM the kinetics of void opening as a function
of time and temperature. Fig. 6a shows the area growth of the same
void as a function of time for different temperatures. As shown in
the inset of Fig. 6a, the void is approximately hexagonal and has not
yet developed fingers. In these early stages the void area increases
linearly with time. Pierre-Louis et al. have shown theoretically and
with simulations that the area of dewetting voids increases linearly
with time when the rim height increases via the nucleation of new
layers [31], which is what we observe (see Fig. 5). As expected, for
higher temperatures the void area grows faster. Writing the area growth
as a thermally activated process, ‘;—’: = Cexp(=E,;/(kT)), it is possible
to extract an effective activation energy E,,, by plotting the natural
logarithm of the dewetting area growth as a function of 1/(kT), shown
in the inset of Fig. 6¢c. From the slope of the linear fit through the data
points, we find E,;, = 3.4+0.2 eV. Fig. 6b shows the area change of two
voids, one of which is developing fingers. A LEEM image of the voids at
the end of the measurements is shown in the inset of Fig. 6b. The right
void (red circle) keeps approximately straight edges and only towards
the end of the measurements the corners of the hexagon destabilize.
The area of this void grows linearly with time. The area of the left
void, marked with a green triangle, grows faster as void fingers form.
The formation of fingers clearly leads to an increase of the area growth
versus time. With the formation of fingers, the dewetting mechanism
changes, nucleation of new rim layers is no more necessary, as atoms
leave the tip of fingers and are incorporated in the steps of the rim
of the finger edges. Large dewetted areas with edges formed by many
advancing fingers display dewetting fronts that advance linearly with

time. The velocity of these fronts increases with the temperature. With
an analysis similar to that done for the measurements of the void
area growth, we can obtain another effective energy E! .. = 3.7+0.2
eV [32]. Considering that the SOI(111) samples are 30 nm thick, and
that the effective dewetting energy increases with the film thickness,
this value is consistent with that found from the front velocities in
SOI(100) (3.4 + 0.2 for 22 nm thick SOI(100), [14]). Notice that
Cheynis et al. [14], have shown that the effective energy involved in the
dewetting front velocity is not only related to the energies of diffusion
and adatom creation (E; rr and E_ ), but also involves the height » and

the width w of the rim at the finger tip, which in turn depend on the
eXP(—(Ediff"'Ec)/(kT)))

temperature (v, & o

5. Kinetic Monte Carlo model

Figs. 7(a)-(d) show a sequence of images extracted from the KMC
simulation of the shape of a void growing by dewetting in a film
consisting of three layers. In the early stages the void is hexagonal and
the surrounding rim has uniform height growing layer by layer. In later
stages the development of fingers and the formation of a total dewetted
area with triangular shape is similar to the experimentally observed
shapes (see Figs. 1d and 4c). The dewetting voids keep longer time a
hexagonal shape in simulations performed at low temperatures. Fingers
preferentially propagate in the [1-21], [11-2] and [-211] directions.

Fig. 8 shows some snapshots of the simulation of the growth of a
void in a vicinal terrace. The following discussion is based on the color
version of the figure. Comparing Figs. 8a and 8b, we observe that atoms
removed from the void edges diffuse on the film and attach to nearby
steps. Therefore both steps close to the void (the one on the right and
that on the left) move in the step-down direction, i.e. towards the left.
When the higher terrace reaches the void, it forms a rim around the
void as shown in Fig. 8c. The rim is actually the extension of the upper
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Fig. 7. Sequence of images of a KMC simulation of a fcc dewetting thin film of 3
layers, kT = 0.65 J. The starting film surface is not vicinal but a perfectly flat (111)
terrace. After the formation of a hexagonal void in the first stages of dewetting (time
from start: 0.6 - 107\/5 1), void fingers develop perpendicularly to the short edges of the
hexagon (time: 2.0 - 107,4.0 - 107 and 7.6 - 107va‘ for (b), () and (d) respectively). The
dewetting morphology is comparable to the experimental one (see Fig. 4c).

terrace and is therefore wider on the side of the upper terraces (right in
Fig. 8a). Far from the void, the step positions are roughly unchanged
(but, since there is an atomic flux coming from the dewetting void,
the steps can present morphological instabilities of the Bales—Zangwill
kind [33], see the black ellipse in Fig. 8f). The next rim layer is formed
in the same way, unless the distance between the next upper terrace
and the void edge is large: In this case the next rim layer is formed by
nucleation, when some atoms meet, as shown in Fig. 8d. One or more
nuclei of the new layer form on the side of the upper terraces, because
in the step-down direction the rim is narrow and atoms diffusing in
this direction are easily incorporated in the nearby steps (in our KMC
model there is no Schwoebel barrier [34]). The atoms detaching from
the edges of the growing void make the new rim layer extend around
the void (Fig. 8e). Further growth of the void makes the rim expand
towards the upper terrace, until the rim and the upper terrace meet
(Fig. 8f). The process continues with the sequence described above,
but in later stages the rim grows in height without reaching the upper
terrace, as shown in Fig. 8g. Notice that the rim on this side is wider,
therefore the void shape will more likely destabilize and form fingers
in the step-down direction, i.e. on the lower-terrace side, where the rim
is narrow. Increasing the temperature to accelerate dewetting, we have
observed the destabilization of the hexagonal void and the formation of
fingers in the step-down direction, as shown in Fig. 8h. In simulations
performed with the step down direction corresponding to the [-12-
1], that does not correspond to an easy direction of propagation of
fingers, the destabilization of the void occurs with formation of fingers
that propagate towards lower terraces, but in the [-211] and [11-2]
directions (see Fig. 8i).

6. Summary

In this work we have shown that the step-train orientation of
a vicinal surface significantly affects solid state dewetting. We have
studied the dewetting of SOI close to the (111) orientation, using
different experimental techniques. Hexagonal voids grow in the Si film
by developing an asymmetric rim, which is wider on the higher-terrace
side than on the lower-terrace one. We have demonstrated the growth
of the rim layer by layer around dewetting voids in the early dewetting
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Fig. 8. Sequence of images of a KMC simulation of a dewetting void growing on a
vicinal surface. In a-g, kT = 0.65 J and the surface terraces have increasing height from
dark blue (top-left, 4 layers) to dark red (bottom-right, 11 layers). The steps run along
the [10-1] direction. The step-down direction is the [1-21]. The dashed lines show the
positions of the steps close to the void at the beginning of the simulation (a): The
void grows at first without rim formation, as the film atoms removed from the void
edges are captured by the nearby surface steps; time: 0.6 - 10°v;'. (b-c): The upper
terrace adjacent to the void grows and surrounds the dewetting void; time: 2.4 - 10°
and 9.4 - IOGVO". (d-e): atoms removed from the bottom right side of the void are no
more captured by the upper terrace step (yellow), that is too far, but they meet and
form nuclei of a new rim layer that grows; time: 13.6-10° and 15.3-10°v;" (f): the rim
grows all around the void and also joins the upper yellow terrace, time: 17.1 - 10(’v0“.
The black ellipse shows Bales-Zangwill instabilities [33] of the upper step that receives
the adatom flux from the dewetting void. (g): in later stages (time 1.4- lOgvS 1) the rim
around the void does not reach the upper terrace. (h): the step train is the same as in
(a)—(g), the temperature is higher, kT = 0.85 J, and the terrace color code is adjusted
(dark red corresponds to a height of 17 layers); time: 2.6 - 107\/(;‘. (i): same as h but
the step down direction is towards the bottom right, [-12-1]; time: 3.6 - 107\/5‘. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

stages, i.e. before the development of branched fingers. Dewetting
fingers develop faster and are thinner in the step-down than in the step-
up direction. KMC simulations allow us to understand the mechanisms
of rim and finger formation that we observe experimentally. In the
early dewetting stages, nucleation of a new rim layer is not necessary:
atoms leaving the dewetting void are captured by the closer upper step,
therefore the upper terrace grows and surrounds the dewetting void.
Nucleation of a new rim layer is only necessary when the distance be-
tween the edge of the void and the upper terrace is very large. Finally,
the dewetting kinetics in SOI(111) is consistent with the modeling and
the energies previously reported for SOI(100).
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Appendix A. Supplementary data

Movie 1 shows a LEEM image sequence of a dewetting void where
nucleation and growth of a new atomic layer on top of the rim is clearly
observed. The image width is 12.5 pm, the duration is 179 s, MEM to
LEEM observation mode with electron energy 0.8 eV.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.surfin.2024.103912.
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