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Weaddress the solid state dewetting of ultra-thin and ultra-large patches ofmonocrystalline silicon on insulator.
We show that the underlying instability of the thin Si film under annealing can be perfectly controlled to form
monocrystalline, complex nanoarchitectures extending over severalmicrons. These complex patterns are obtain-
ed guiding the dewetting fronts by etching ad-hoc patches prior to annealing. They can be reproduced over hun-
dreds of repetitions extending over hundreds of microns. We discuss the effect of annealing temperature and
patch size on the stability of the final result of dewetting showing that for simple patches (e.g. simple squares)
the final outcome is stable and well reproducible at 720 °C and for ~1 μm square size. Finally, we demonstrate
that introducing additional features within squared patches (e.g. a hole within a square) stabilises the dewetting
dynamic providing perfectly reproducible complex nanoarchitectures of 5 μm size.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

In the race towards the miniaturization of photonic and electronic
components, reliable fabricationmethods of nanostructures play a stra-
tegic role in the reliable implementation of innovative devices. The use
of silicon films on insulator (SOI) has a central position both in photon-
ics (e.g. on-chip photonic circuits) and electronics (e.g. fully depleted
SOIMOSFET) [1]. In these contexts, an important limiting factor towards
the further reduction of the dimensionality of these components is the
instability upon heating of ultra-thin SOI (UT-SOI, ~12 nm thick silicon
on SiO2) [2,3,4,5]. The presence of intrinsic defects in the thin silicon
layer or of ad-hoc created edges (e.g. in order to define a device) are,
upon annealing even well below the inherent melting temperature of
the material, the starting points of mass transport in this phenomenon
ruled by surface diffusion-limited kinetics of thermally-generated
adatoms, known as solid-state dewetting [6].

Duringdewetting, under the action of surface diffusion,mass is accu-
mulated in a thick, receding rim at the film edges (where the curvature
of the film is large), which eventually becomes unstable and evolves in
elongated structures (fingers). When other instabilities, such as corner
instability, bulging, rimpinch-off and faceting, take place thefilm breaks
in isolated, monocrystalline, facetted islands [7]. The intricacies of these
instabilities are further modified by the presence of preferential direc-
tions for mass transport, which must be taken into account in order to
explain this complex dewetting scenario [8,9]. For example, it is well
known that for a (001) oriented UT-SOI the dewetting speed along the
[100] in-plane direction is much larger than that in the [110] direction
[10]. These dewetting fronts are thus respectively called “unstable”
and “stable”. All these phenomena render de facto impossible the prac-
tical exploitation of UT-SOI for miniaturized devices.

The underlying dewetting instability, indeed, is characterized by a
defined periodicity set by the initial film thickness h0. In real systems,
however, thermal fluctuation and non-idealities (such as, e.g., the
non-uniformity of the film thickness) actually make dewetting a rather
disordered phenomenon and, at the end of the process, the spatial orga-
nization of the islands and their size dispersion are broadly distributed
around their average values. This is an additional issue limiting the ap-
plicability of dewetted silicon films for instance, for applications in pho-
tonics [11,12].

In analogywithmetals [20,21,22], a viablemethod for enhancing the
level of ordering of the dewetted Si and SiGe structures relies on pre-
patterning the thin film prior to annealing [13,14,15,16]. Ordered arrays
of complex islands arrangements can be obtained in a very limited set of
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configurations and on a limited number of repetitions by guiding the re-
ceding fronts through patches etched on the UT-SOI with a focused ion
beam (FIB). This FIB-based method systematically leads to the forma-
tionof isolated (disconnected)monocrystalline islands limiting the con-
trol of the self-assembly and thus its applicability to more complex
architectures. The fluctuation of the number of islands formed in a
patch, their size, shape and position was between 4% and 35% [11].
More importantly, when using a FIB for etching, no receding rim was
shown and the islands were always formed at the film edges at the
early stages of dewetting [15]. These observations claim for spurious
driving forces (e.g. ions implantation and amorphization during etching,
re-crystallization during annealing) complicating the simple picture of
pure surface diffusion limited-kinetics [17,18,19]. Alternative ap-
proaches based on e-beam lithography for creating small patches in
the UT-SOI have been employed by several groups in the last years
[20,21,22]. However, all these experimental results provided puzzling
results suggesting that spurious phenomena in addition to pure
surface-diffusion occurs, hindering the possibility to reproduce the re-
sults that Ye and Thompson showed for metal patches [23,24,25].

Here we show that with a proper annealing temperature and a suit-
able choice of pattern size and shape obtained by a combination of e-
beam lithography and reactive ion etching processes, a well-controlled
dewetting behaviour can be obtained also in semiconductors. We
show that a perfect control of complex pattern shapes can be achieved
for low annealing temperature (~720 °C) and by adding additional fea-
tures within 5 μm large squared patches. Here we address the case of
patches with sides oriented along the crystallographic axis [110] (the
stable dewetting front). The case of patches oriented along the crystal-
lographic axis [100] (the unstable dewetting front) is not taken into ac-
count here. In fact, in this condition, the patches rapidly undergo a
fingering instability resulting in small, isolated and disordered islands
[26]. Our findings fill the gap between semiconductors and thin films
ofmetals [23,24,25] which dewetting featureswere expected to be gen-
eral but never implemented so far in UT-SOI and opens the new possi-
bility to exploit complex Si-based nanoarchitectures in electronic and
photonic devices. Although not explicitly addressed here, it is worth
mentioning that our results can be precisely reproduced by theoretical
simulations based on a phase fieldmodelling [27] providing a predictive
tool for further engineering the final outcome of dewetting [16].
2. Experimental methods

An ultra-thin Si-on-insulator (UT-SOI) substrate (12 nm intrinsic Si
film on 25 nm SiO2 layer on Si(001) wafer) was patterned with a series
of squares (depth ~12 nm, width of the etched squares between 0.5 μm
and 5 μm) aligned along the [110] direction bymeans of e-beam lithog-
raphy (EBL) and reactive ion etching (RIE). The resist has been spin-
coated on the Si substrate and then exposed to the electron beam of a
converted scanning electronmicroscope (SEM) along the designed pat-
tern (acceleration voltage of 30 kV). For these kinds of structures, a sin-
gle layer of PMMA diluted to 2.5% and with a molecular weight of 950 k
has been employed. The dose used for the structures was 300 μC/cm2.
After the exposure, PMMA was then developed in order to remove the
soluble exposed parts by a solution of methyl isobutyl ketone (MIBK)
and isopropanol (IPA) in a 1:3 ratio. The MIBK was diluted in order to
obtain well-defined profiles. The sample was immersed in this solution
and agitated manually for 90 s: a pure IPA solution has been used for
1min to stop the development of the resist. Then, the patternwas trans-
ferred to the thin Si film by reactive ion etching (RIE), using a CF4 plas-
ma, 50 WRF power and a total gas pressure of 5.4 mTorr. Finally, the
resist was removed using acetone. The sample surface was then ex-
posed to O2 plasma in order to remove the residual resist. Additional
chemical cleaning has been performed in N2 atmosphere before
dewetting, by dipping the sample in a 5% HF solution for 20 s. EBL and
RIE were performed following a well-established procedure
schematized in Fig. 1a and the realized structures were characterized
by SEM (Fig. 1b) and atomic force microscopy (AFM, Fig. 1c).

The etched patch shapes were simple squares (with side ranging
from 500 nm up to 5 μm) and large square patches (5 μm) with addi-
tional features etched within them (e.g. holes, dashes, crosses, etc.
Fig.1b and 1c). After etching, the samples were immersed in a 4% con-
centration aqueous HF solution for 5 s in a nitrogen atmosphere to elim-
inate any native oxide layer formed on top of the SOI. Thus, in the ultra-
high vacuum of a molecular beam reactor, the samples have been
annealed at high temperature. All the investigated samples were
cleaned with an annealing flash at 600 °C for 30 min in order to elimi-
nate any trace of native oxide from the sample surface. Three different
samples were annealed with different procedures: Sample A, @740 °C
for 15′; sample B, @720 °C for 3 h; sample C, @ 800 °C for 1 h. The sam-
ples are characterized by different imaging techniques: AFM, SEM and
optical dark-field microscopy (DF). During the DF analysis, the white
light was shined with a ~70 degrees angle with respect to the sample
surface. The light diffusion was collected by a high numerical aperture
(NA= 0.75) 100×magnification objective lens and the images are reg-
isteredwith a colour-C-MOS camera [16]. As the overall collection angle
in the NA of the objective lens was smaller than 70 degrees, the direct
reflection from the samplewas completely rejected and the flat surfaces
appeared completely black. Note that the silicon islands were de facto
dielectric Mie resonators, thus the collected signal was the resonant
scattering from these nano-antennas. This was reflected in the different
scattering colours visible in the DF images [11].
3. Results

We first address the effect of the annealing temperature on the final
outcome of large and complex, squared patches (Fig. 2). A precise and
reproducible ordering of the dewetted structures is only possible
using annealing temperature below ~750 °C. In order to highlight this
point, we analyse dark-field images of samples B (annealed at 720 °C
for 3 h) and sample C (annealed for 800 °C for 1 h).

The bright scattering spots observed in dark field images correspond
to individual islands.More precisely, provided that these objects are res-
onant antennas, different colours are attributed to resonant electromag-
netic modes confined in each island [11,12,16]. These spectral
resonances reflect their specific size, shape and composition and thus
constitute a precise probe of the islands' homogeneity.

For low-temperature annealing we assist to the formation of a few
large islands, eventually exhibiting multi-modal size distributions,
with a rather good reproducibility of the complex arrangement over
several repetitions (the overall patterns are 12 × 12 repetitions of the
same patch design, not shown). Differently from the low temperature
case, at high temperature the dewetting cannot be controlled and a ran-
dom organization of many small islands is observed (Fig. 2 b). This fea-
ture reminds the typical results obtained via spontaneous dewetting of
the same UT-SOI in non-patterned areas (not shown). In these experi-
mental conditions (device thickness 12 nm and low annealing temper-
ature, ~720 °C) the typical length of the underlyingdewetting instability
leads to isolated islands which are ~800 nm distant one from the other
[11]. For the sake of thoroughness, we mention that temperature and
patch orientation may influence this value [28].

Based on the previous results we investigate the impact of the over-
all dewetting time and of the patch size on the stability of simple,
squared patches (without additional features etched within the
squares) annealed at low temperature (samples A and B, Fig. 3). The rel-
evant features are summarised as follows: 1) for short time annealing
the process is not complete and the dewetting front moved of about
300 nm towards the center of the patch; 2) small protrusions start to
form at the patch corners; 3) for longer annealing time the protrusion
at the corners becomemore visible accounting for a reduced dewetting
speedwith respect to flat dewetting fronts along the patch edges; 4) for



Fig. 1. Experimental methods. a) Schematic sequence of the fabrication steps for patterned squares on thin SOI substrate, where the thicknesses and the size of nanostructures are not in
scale. b) SEM image of the complex patterned structures, where some lines and pointswere introduced into the square patterns to control the dewetting process (ref [16]). c) Typical AFM
image of the substrate after the nanofabrication process. In b) and c) the scale bars are 2 μm.

Fig. 2. Role of temperature. a) Optical microscope dark field images of 3 × 3 repetitions of dewetted complex patterns for low temperature annealing (sample B, 720 °C for 3 h). The full
pattern includes 12× 12 identical repetition of the same patch shape (not shown). b) Same as a) for high temperature annealing (sample C, 800 °C for 1 h). The top insets display the initial
patch shape etched via e-beam lithography and reactive ion etching prior to annealing.
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Fig. 3. Short and long-time annealing at low temperature. a) SEM images of simple square patches after dewetting for 15min at 740 °C (sample A). From the left to the right panel the patch
side is reduced from 5 to 1.7 μm. The scale bar corresponds to 1 μm. b) Same as a) for long time annealing, 3 h at 720 °C (sample B). c) Optical microscope, darkfield images of sample B for
longer annealing time. The four panels display a few repetitions of simple squared patches having size corresponding to those shown in b).

Fig. 4. Dewetting of large complex patches. a) Prospective view of a dewetted, square patch having 5 μm side and a hole milled at its center. The top left inset displays the shape of the
etched patch via e-beam lithography and reactive ion etching. b) SEM image of 4 repetitions of the patch shown in a). c) Optical microscope dark field image of the full array (12 × 12
repetitions) of the patch shown in a) and b). The bottom-right inset shows a blow-up of an individual patch. d) Binary image obtained from the image in c). e) Statistic of patch size
obtained from the image shown in d). The vertical axis is in logarithmic scale. The inset shows a blow-up of an individual patch.
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sufficiently small patches (Fig. 3b), right panel), all the mass present in
the patch collapses in a large individual island.

However, when looking at several repetitions of the same squared
patches for long time annealing with optical dark field microscopy
(Fig. 3c), it appears that the final outcome for large patches is not stable
(first panels from the left panel in Fig. 3b): in these cases, only a few
patches show the feature selected for SEM images, while many of
them feature a random nucleation of isolated islands. A deterministic
formation of individual islands is possible only for patches smaller
than 1.7 μm.

It appears thus, that in order to overcome the intrinsic disorder af-
fecting the stability of solid state dewetting observed for simple, large,
square patches a different strategy has to be adopted. Here we follow
the same approach used by Ye and co-workers for metallic patches
[23,24] and we introduce additional features within large squared
patches featuring a side of 5 μm (Fig. 4). Differently from the previous
cases of simple squares (Fig. 3) where the UT-SOI is intact at the center
of the patch and the rimmoves from the edges inward, the presence of a
central hole produces additional mass fluxes moving from the center
outward (Fig. 4a) and b)). The presence of the hole has a dramatic im-
pact on the shape of the dewetted structurewhich appears as a complex
nano-architecture of islands (4 at the corners and 4 at the center of each
side of the square) connected by wires. The overall height of the struc-
ture is ~100 nmwhile the diameter of the wires is about 200 nm.

Remarkably, when looking at the full array of the dewetted patches,
we observe that the complex and almost identical shapes are precisely
reproduced over many repetitions (Fig. 4c)). In order to quantify the
stability of the outcome and its disorder we evaluate the area of each
patch transforming the dark field image in a binary image (0= absence
of an island, 1 = presence of an island, Fig. 4d)) and measuring the sta-
tistical distribution of the islands' extension (Fig. 4e)). From this statis-
tical analysis emerges thatmost of the patches feature an average size of
about 8 μm2 with a standard deviation of ~0.1 μm2 (corresponding to a
size fluctuation of a few percentage). Additional characterizations per-
formed with other imaging techniques (e.g. SEM) confirm that the fluc-
tuations of the sharp features composing the complex
nanoarchitectures fluctuate of a few percentages (not shown). For the
sake of thoroughness, we observe that some event is visible in the size
distribution at ~4 μm2. These events occur at about the half of the full
patch size and thus, are attributed to patches broken into two separate
parts. Finally, a few, isolated, small islands are present below 1 μm2 area,
accounting for some residual randomness in the system.

4. Discussion

The features of the dewetting process illustrated in Figs. 2, 3 and 4
are explained by taking into account the surface-diffusion limited-
kinetics mechanism at the basis of solid-state dewetting of crystalline
thin films. The local curvature of the surface (eventually modified by
the artificial introduction of edges, holes, trenches etc.) determines a
gradient in the chemical potential which is the driving force for (aniso-
tropic) mass transport on the film surface. During this process, mass is
accumulated in a thick receding rim formed at the edges of the patches
which in turn becomes unstable under the action of additional instabil-
ities (fingering, rim pinch-off, bulging, faceting, etc.). Thus, for small
enough patches (smaller or of the order of the intrinsic wavelength of
the underlying instability, ~800 nm in the present case) all the receding
rims collapse in a central, large island. More precisely, for simple
squared patches the presence of corners locally increases the curvature
further modifying the behaviour of mass transport with respect to sim-
ple, flat, receding rims (e.g. the long protrusion at the patch edges visi-
ble in Fig. 3a) and b)).

The presence of additional etched features within the square patch
produce further mass fluxes (e.g. from the central hole outward, as in
Fig. 4) which can be engineered to control the final morphologies. Re-
markably, for patches featuring a side of 5 μm (about 6 times larger than
the “natural” wavelength of the instability) the outward-moving rims
stabilises the inward-moving ones preventing their uncontrolled break-
up in small islands (as shown in Fig. 3c for large squares). All these fea-
tures are thoroughly described in reference and in the videos in [16].

The results shown in Fig. 2 demonstrate that only in a low-
temperature regime a good control of the dewetting fronts can be ob-
tained, avoiding their separation in isolated islands. This is interpreted
as a hierarchical onset of different instabilities in silicon: after rim for-
mation at the patch edges, the large surface anisotropy of the underlying
crystal promotes the formation of facets rendering the rim unstable and
breaking it in isolated islands (Fig. 2a). However, for lower annealing
temperature, a partial control of the rim evolution can be recovered
and a coherent break-up in organized oligomers is observed (Fig. 2b),
suggesting that the instability of the rim occurs at later times. Thus, low-
ering the annealing temperature is one of the key parameters for con-
trolling the dewetting fronts.

In spite of the better control achieved for low annealing tempera-
ture, simple squares provide a deterministic result only for small
patches (Fig. 3b) and c)): for stable dewetting fronts the rim can evolve
for about 1 μmwithout the onset of any additional perturbation provid-
ing a good control of the final outcome in small patches (side shorter
than ~1.7 μm). Provided that the underlying instability for spontaneous
dewetting in non-patterned areas, is about 800 nm, large patches exceed-
ing several times this value, undergo a chaotic behaviour and break-up in
many isolated islands. Thus, adopting modified patch geometry we ob-
serve a highly reproducible and precise result (Fig. 4): additional features
introduced in the initial pattern (such as the dashes and holes of Fig. 1 or
the central hole of Fig. 4), produce further mass fluxes which can be de-
signed to determine the final dewetted morphologies.

These results demonstrate that solid state dewetting can be
exploited to produce mono-crystalline objects with atomically smooth
surfaces, free of defects, arranged in large arrays of identical replicas
and quantifies the sizes and the temperature that should be adopted
in the process. This is relevant in view of the exploitation of thismethod
for electronic and photonic components. We also stress that, differently
from conventional top-down methods, the size of the dewetted struc-
tures can be reduced to extremely small values by reducing the initial
UT-SOI thickness, in principle overcoming the resolution limits of e-
beam lithography. Finally, further tuning of the islands shape can be ob-
tained via Ge alloying before or after dewetting [13,14,29,30,31].

5. Conclusion

In conclusion, we demonstrated a method based on e-beam lithog-
raphy and reactive ion etching for controlling the solid state dewetting
of ultra-thin silicon films on insulator. Working at lower temperature
and with a proper pattern, the surface diffusion mechanism in the UT-
SOI film can be controlled. In the light of the experimental results and
recent simulations based on the continuummodelling of surface diffu-
sion by means of a phase field model [16], it is known that a spontane-
ous phenomenon can be efficiently engineered for the formation of
monocrystalline nano-architectures with high reproducibility and pre-
cision. In spite of the tendency of thin silicon films to rapidly break
into islands upon annealing, our findings clearly demonstrate that the
common underlyingmechanism at play, surface diffusion limited kinet-
ics, provides qualitatively similar results for the two cases. These results
are relevant for applications in photonics for the fabrication of dielectric
meta-surfaces as well as waveguides, diffraction gratings, interferome-
ters and much more. Nevertheless, the relevance of silicon for micro-
electronics makes our method a strategic tool for the implementation
of complex electrically-isolated nano-circuits.
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