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ARTICLE INFO ABSTRACT

Keywords: This work reports on the effect of annealing temperature on the size, shape and wetting of particles obtained on
A'u 4H-SiC substrate by the dewetting process of a deposited nanoscale-thick Au film, with focus on the difference
Sic between solid-state dewetting (below Au melting temperature) and liquid-state dewetting (above Au melting
Solid state dewetting temperature)

Liquid state dewetting

Nano-shape After depositing nanoscale-thick Au film on the SiC substrate, annealings are perfomed so to induce the solid-

state or liquid-state dewetting process of the film with the consequent formation of particles. Plan-view and
cross-view scanning electron microscopy analyses are carried out to quantify the evolution of the average planar
size and vertical size of the particles and of the average contact angle of the particles to the SiC surface versus the
annealing temperature. These analyses allow us to extract quantitative information on the wetting behaviour of
the particles on the SiC surface by calculating the adhesion work versus the annealing temperature. Energy
dispersive x-ray analyses are, also, performed on the dewetted particles to analyze their composition in the
various annealing conditions. Overall, we set a general framework connecting process parameters to the nano-

shape of the dewetted particles towards specific shape design for selected applications.

1. Introduction

Silicon Carbide (SiC) is a semiconductor binary compound of silicon
and carbon with peculiar properties such as a wide band gap, high
phonon frequency, high thermal conductivity and breakdown voltage
[1-6]. Due to these characteristics, SiC can be exploited in several
technological applications ranging from electronics and optoelectronics
to sensing and energy [1-6]. However, these applications require the use
of metallic contacts to SiC and, from decades, metal/SiC diodes are
exploited to design and produce high temperature and high power
operating devices [1-6]. Hence, several methods were investigated for
the controlled production of metal layers on SiC substrates. In addition,
with the advent of nanomaterials and nanotechnologies, also the
controlled production of metal nanostructures on SiC substrates ac-
quired a relevant role to fabricate functional nanodevices with improved
performances in electronics, energy, sensing applications [7-16], due to
the synergistic combination of the properties of metals in nanoscale form
[17-26] and of SiC. For example, Au and Ag nano-particles show strong
optical resonances: under excitation by electromagnetic radiation, Au or
Ag nano-particles can exhibit localized surface plasmon resonances due
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to the collective oscillations of conduction electrons [17-19]. An
important consequence of the resonant excitation of localized surface
plasmon resonances rely in selective photon absorption and enhance-
ment of local electromagnetic fields near the nanostructure by orders of
magnitude strongly depending on the nano-particles shape and size.
Such a characteristic makes Au and Ag nanostructures very important in
plasmonic solar cells [17-19, 27, 28] and in chemical and biological
sensing exploiting the surface enhanced Raman spectroscopy effect
[17-19, 29, 30]. In this regard, Au and Ag nanostructures produced on
SiC substrates enhance the photoluminescence response of SiC [13, 16],
give place to SERS effect for ultrasensitive molecules detection [11, 15,
16], enhance the SiC photocatalytic activity [14]. As a consequence, in
order to enable solid-state technological applications, the main critical
issue for the use of metal nanostructures is the development of simple,
versatile, and low-cost methodologies for the fabrication of arrays of
nanostructures with desired shape and size directly on surface, as the
case of Au nano-particles on SiC substrate.Obviously, the detailed un-
derstanding of the basic microscopic mechanisms governing the
involved processes in these methodologies is crucial in assuring the
desired nanostructures control.
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Fig. 1.. Representative SEM images of the bare SiC surface (a) and of the
surface of the 50 nm-thick Au film deposited on the SiC substrate (b).

In particular, due to the importance acquired by the Au/SiC system
[8-11, 31-36], we present here a dewetting-based approach to produce
Au nano-particles directly on SiC surface and a study on their morpho-
logical, wetting, compositional properties using microscopic analysis as
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX).

In particular, we deposited a 50 nm-thick Au film on 4H-SiC sub-
strate and we performed annealing processes of the system at temper-
ature T=1173 K, 1253 K, below the Au melting temperature (1337 K),
and T=1423 K, 1473 K, above the Au melting temperature, to induce
solid-state or liquid-state dewetting of the Au film towards the formation
of nanoscale particles.

Regarding the dewetting process, a metal film deposited on non-
metal substrate in a metastable thermodynamic state and at sufficient
high temperatures, even below the melting temperature of the material
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forming the film can spontaneously dewets forming island-like struc-
tures on the substrate surface. During this process the main driving force
is the minimization of surface free energy on all interfaces and the
resulting island size depends on various factors such as the initial film
thickness and annealing temperature. Because this process can be acti-
vate at temperatures well below the Ty of the material film, we can
make a distinction between solid-state dewetting and liquid-state dew-
etting. Although both process lead to a formation of small particles
starting from a thin film, the early stages of the process are quite
different. The solid state dewetting [8, 37-40] process starts with holes
formation on the surface. In this case an equilibrium relation is estab-
lished between surface energies at the point in which grain boundaries
and the substrate meet, forming a groove with a characteristic size,
dependent on the initial film thickness and all the surface energies. If
these grooves exceed a critical size, they will contact the substrate and
holes will be formed. This process is more like to happen in stressed film,
in which the critical size is reduced by stress energy transfer to the hole
or by a grain thinning. In the next phase an edge retraction can be
observed due to a curvature’s gradient, that will lead to a net material
flux from the rim to the central area, causing the formation of an hill like
structure and the hole growth. Other than the temperature two other
parameters play a key role on this process: the surface diffusivity and the
film’s free energy. From this point two growth trends can be observed
[38, 39]: a) rim pinch-off, consisting in the formation of film’s height
oscillations with decreasing amplitude from the rim, forming valleys
with increasing depth as the edges continues to retract. At a certain point
the ditch’s bottom will contact the substrate and a strand will forms; b)
fingering instabilities, consisting in the rims edges break, forming an
array of elongated, finger like structures. The cause of this different
behaviour [37] can be found in the formation of equilibrium facets on
the edge’s front, which maintain a stability condition during the
retracting process. In this case rim pinch off takes places. On the con-
trary, the absence of equilibrium facets can be attributed to unstable
conditions during the edges retractions, leading to unstable rim’s os-
cillations and to an array of fractal, elongated structures. In the final
stage of dewetting all strands, formed thought rimn pinch-off or
fingering instabilities, began to shows bottlenecks and breaks, forming
islands as consequence of Rayleigh-Plateau instabilities [38, 39]. The
film thickness and annealing temperature play an important role on the
process [37-40]. In this regard, liquid phase dewetting process [41-43] is
similar to the solid state one: the liquid film presents the holes forma-
tion, holes growth, filaments formation and filamnets break into liquid
droplet on the substrate. For example, Krishna et al. [42, 43] showed
that metal thin film with thickness less than 100 nm upon laser irradi-
ation undergoes a spinodal dewetting, i.e. the dewetting process of a
molten thin film presenting thickness fluctuations. So, the unstable

(c)

Fig. 2.. Representative SEM images of the Au particles obtained by the solid-state dewetting process of the 50 nm-thick Au film deposited on the SiC surface and
annealed at 1173 K for 40 minutes: (a)-(c) plan-view images with different magnifications to highlight various features; (d)-(f) cross-view images with different

magnifications to highlight various features.
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Fig. 3.. Representative SEM images of the Au particles obtained by the solid-state dewetting process of the 50 nm-thick Au film deposited on the SiC surface and
annealed at 1253 K for 40 minutes: (a)-(c) plan-view images with different magnifications to highlight various features; (d)-(f) cross-view images with different
magnifications to highlight various features.

Fig. 4.. Representative SEM images of the Au particles obtained by the liquid-state dewetting process of the 50 nm-thick Au film deposited on the SiC surface and
annealed at 1423 K for 40 minutes: (a)-(c) plan-view images with different magnifications to highlight various features; (d &)-(f) cross-view images with different
magnifications to highlight various features.

Fig. 5.. Representative SEM images of the Au particles obtained by the liquid-state dewetting process of the 50 nm-thick Au film deposited on the SiC surface and
annealed at 1473 K for 40 minutes: (a)-(c) plan-view images with different magnifications to highlight various features; (d)-(f) cross-view images with different
magnifications to highlight various features.

Au film on the SiC substrate to draw information on the characteristics
both of solid-state and liquid-state dewetting processes. The quantifi-

film’s height leads to a change in the free energy and to the film’s
rupture and nanoparticles formation through Rayleigh-Plateau

instabilities.
Therefore, in our case, at each annealing stage, SEM and EDX anal-
ysis were performed to image the step-by-step dewetting process of the

cation of the dewetted particles average planar and vertical sizes and
average contact angle was carried out for each annealing temperature
and, hence, the temperature-dependent wetting properties of Au on SiC
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Fig. 6. Representative plan-view SEM images highlighting some specific features of the dewetting process leading to the formation of the Au particles (annealing at

1253 K).

Fig. 7. Representative cross-sectional SEM images highlighting some specific features of the dewetting process leading to the formation of the Au particles (annealing

at 1253 K).

were elucidated by the calcultion of the adhesion energies and interface
energies. In this regard, the wetting behavior of solid or liquid Au on SiC
has been previously reported [31-36, 44, 45] in studies, however,
focused on bulk systems. These reports, studied the wetting of Au
droplets on the SiC surface with the droplets having typical size of
several microns since originating from the thermal process of deposited
films with thickness larger than 1 pm. Hence, the studies presented in
the this work aim to scale-down those previously reported for the
macroscopic Au-SiC system to sub-micrometer and nanoscale range
establishing an approach for the nano-shaping of Au particles on SiC. In
particular, we set a general working framework connecting the
annealing temperature to the nano-shape of the dewetted particles to-
wards specific shape design for selected applications.

2. Experiment and methodology

Four samples have been synthesized starting from an Au thin film
deposited using the sputtering technique. A sputter apparatus Emitech
K550X was exploited, in which all the 4H-SiC substrates are located in
the cathode, facing the Au source (purity of 99,999%), with a distance of

40 mm and using Ar flux with a pressure of 0,02 mbar, with a current of
50 mA for each samples. The entire process has been carried for 4 mi-
nutes resulting in the deposition of (50,0+2,5) nm-thick Au film on the
4H-SiC surface. The samples thickness is obtained by ex-situ Rutherford
Backscattering Spectrometry (RBS) measurement, using 2 MeV “Het
backscattered at 165°.

The samples were thermally processed in nitrogen environment (flux
of 2,5 liters/minute) fixing the annealing time t to 40 minutes and using
the annealing temperature T=1173 K, 1253 K, below the Au melting
temperature (1337 K), and =1423 K, 1473 K, above the Au melting
temperature.

Scanning Electron Microscope (SEM) imaging was performed by
using a Zeiss FEG-SEM Supra 25 Microscope (equipped with a Field
Emission Gun emitter an In-Lens detector) both in plan-view and cross-
view configurations. The SEM images were acquired by using the
backscattered electrons, acceleration voltage for the electron beam of 5
kV, working distance of 3 mm. The images were analyzed by using the
Gatan Digital Micrograph software to infer quantitative information: in
particular, we evaluated the average planar and vertical sizes of the
dewetted particles and their contact angle to the SiC substrate for each
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Fig. 8. Representative SEM images highlighting some specific features of the morphology of the dewetted particles ((a)-(b): plan-view images, annealing at 1473 K;

(c)-(d): plan-view images, annealing at 1253 K).

Fig. 9. Representative SEM images highlighting some specific features of the
base of the dewetted particles, i. e. particles-substrate interface (cross-view
images, annealing at 1423 K).

annealing temperature. To this end, the planar size of the single particles
was measured, by the plan-view SEM images, as the equivalent disk
diameter D by drawing the smallest circumference that contains the
particle and taking the diameter. The vertical size H was, instead,
evaluated by the cross-sectional SEM images, as the highest distance
between the SiC substrate-particle interface and the top surface of the
particle. The cross-sectional SEM images were, also, used to evaluate the
contact angle ¢ as the angle between the direction of a line on the
substrate surface and the direction of a line tangent to the particle sur-
face in the point where it crosses the substrate surface. For each sample,
a statistical population of, at least, 500 particles was considered to
extract distributions for D, H, and 0¢, from which the mean values <D>,
<H>, <6c> were evaluated (so as the corresponding standard de-
viations which were considered as the corresponding errors to the mean
values). The wetting properties of the dewetted particles are quantified
by the calculation of work of adhesion Wap=[1+cos(<6¢>)]yay after
the experimental determination of <6¢> for each annealing temperature
and being ya, the Au surface energy.

Energy Dispersive X-ray (EDX) analyses were performed by using the
Gemini Field Emission SEM (FE-SEM) Carl Zeiss SUPRA 25 Microscope
equipped with an EDAX EDX detector, fixing the electron beam accel-
eration voltage to 25 kV, working distance of 8 mm, acquisition time of
240 s.

3. Results and discussions

Fig. 1(a) reports a representative SEM image of the bare SiC surface.
Fig. 1(b) reports a representative SEM image of the surface of the 50 nm-
thick Au film deposited on the SiC surface. In particular, from the image
in Fig. 1(b) the surface of the 50 nm-thick Au film, if compared to the
image in (a) for the bare SiC surface, appears to have a rough granular
morphology, typical of the last stage for the Volmer-Weber growth
mechanism for metal films on ceramic substrates [46-48]. In fact sput-
tered adsorbed Au atoms move on the SiC surface until they find an
aggregationcenter, where the film begins to growth in the early stages of
the process. In the Volmer-Weber growth mode, after the small nuclei
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Fig. 10. (a) Plan-view SEM image of an iso-
lated dewetted particle obtained at 1253 K; (b)
EDX spectrum acquired in the position indi-
cated by the red circle in (a), i. e. on the SiC
substrate (outside the dewetted particle); (c)
EDX spectrum acquired in the position indi-
cated by the green square in (a), i. e. over the
dewetted particle; (d) EDX spectrum acquired
on a point over the bare SiC surface after 1473
K annealing of the 50 nm-thick Au film; (e) EDX
spectrum acquired on a point over a dewetted
particle obtained by the 1473 K annealing of
the 50 nm-thick Au film.

formation, the nuclei continue togrowth becoming larger and higher
giving origin to three-dimensional islands which, continuing to growth,
percolate between them (i. e. over a certain critical size, these islands
touch one another, forming grain boundaries and assuming a granular
shape). At this late stage of growth, the film morphology is percolative, i.
e. a worm-like structure originating from interconnected filaments. The
holes in the film are, then, filled by further deposited atoms resulting in a
granular rough film surface. Naming ya, the Au film-vapour surface
energy, ysic the SiC substrate-vapour surface energy, and yay/sic the Ag
film-SiC substrate interface energy, in the Volmer-Weber growth mode
the relation ysic<yau+Yaussic holds [48]. In fact, in this case, the film
atoms are more bounded to each others than to the substrate (hence, the
Volmer-Weber growth mode is typical for thin metal films deposited on
non-metal substrates). Typical Au surface energy is of the order of 1,4
J/m? [49-54], while 4H-SiC surface energy has been calculated [55, 56]
resulting in, about, 1,77 J/m>

After the Au film deposition, the annealing processes were carried
out to induce the film dewetting both in solid-state and liquid-state by
using annealing temperatures below (1173 K, 1253 K) and above (1423
K, 1473 K) the Au melting temperature (1337 K) and the consequent
formation of particles on the SiC surface (Figs. 2-5).

We can clearly see that after processing the Au film/SiC sample at
1173 K and 1253 K (solid-state dewetting, Fig. 2 and Fig. 3, respectively)
two dimensional (planarly elongated) islands are formed, i. e. with the
planar size larger than the vertical size. In addition, equilibrium facets
can be seen on the surface of the particles: in fact, the general equilib-
rium shape of the Au crystals consists of {111} and {100} facets con-
nected by sharp edges to curved surfaces, i. e. to expose the crystals
planes to which correspond the lower surface energies according to the
FCC lattice structure [31-33,57]. This behaviour can be explained using
the Wulff construction and the Winterbottom construction [48, 57]. On
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100 nm

Fig. 11.. Representation of the method used for the measure of the planar size
D (diameter) of the dewetted particles (a) and for the measure of the vertical
size H (height) and contact angle 0¢ (to the SiC substrate) of the dewetted
particles (b).

the other hand, in the samples treated at 1423 K and 1473 K (liquid-state
dewetting, Fig. 4 and Fig. 5, respectively), the formed particles show an
almost spherical shape (planar size~vertical size) and, also, they expose
the characteristics {111} and {100} equilibrium facets. In any case, it
can be easily recognized that the particles are homegeneously distrib-
uted over all the SiC surface and present a high dispersion in the planar
and vertical sizes, being present, in each sample, very small particles and
very large particles (this is characteristic of the stochastic nature of the
dewetting process). Another feature that jumps out, comparing samples
obtained by solid-state and liquid-state dewetting, is the different con-
tact angle at the particles-substrate interface, as evident by comparing
the cross-sectional SEM images from Fig. 2 to Fig. 5, corresponding to
the various annealing temperatures. While the particles in the two
samples obtained by solid-state dewetting (1173 K and 1253 K
annealed) show a better wettability on the SiC surface, i. e. lower contact
angle, instead the two samples obtained by liquid-state dewetting (1423
K and 1473 K annealed) exhibit particles with lower wettability (higher
contact angle). In the following we will analyze quantitatively, the
wetting behaviour of the dewetted particles to the SiC surface. As a
starting point, we here anticipate that the wetting behaviour, as quan-
tified by the contact angle O¢ (for its defition see Fig. 11(b)), is estab-
lished by the combination of the yay, ysic, Yau/sic energies according to
the Young’s law [48]and lower O¢ higher the wetting of the particles.

cos(0c) = (rsic — J’Au)/VAu/Sic @

Figs. 6-9 report some further SEM images to highlight some features
of the dewetting process leading to the formation of the particles and to
highlight some features of the dewetted particles.

The first example is reported both in Fig. 6 and in Fig. 7. In partic-
ular, Fig. 6(a)-(c) report plan-view images of the effect of the 1253 K
annealing on the Au film. In each image, the arrows indicate some
specific feature. In (a), some big particles organized in a nearly circular
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spatial disposition can be observed. They originate from the breaking of
an unstable filament (which originated from the coalescence of holes in
the Au film). This can be recognized, as indicated by the green arrow, by
observing (see the enlargement in (b)) the two big particles just con-
nected by a residual filament: the further temporal evolution of the
dewetting process (by increasing the annealing time) would lead to the
shrinking of the filament diameter (with the corresponding increase of
the particles size, i. e. mass transfer from the connecting filament to the
particles) till to the complete filament rupture. In addition, the red arrow
indicates (see the enlargement in (c)) the residual signature of the mass
transfer, on the SiC surface, towards one of the particles. Similarly, Fig. 7
(a)-(b) report cross-view images of the effect of the 1253 K annealing on
the Au film: the enlargement (b) of (a), as indicated by the blue arrow,
clearly shows the signature, on the substrate surface, of the metal
retraction (see the almost circular lines on the substrate surface) towards
the formation of the particles (so to minimize the total surface energy of
the system).

The second example is reported in Fig. 8: the figure shows SEM im-
ages highlighting some specific features of the morphology of the
dewetted particles with (a)-(b) reporting plan-view images of the par-
ticles obtained after the annealing at 1473 K and (c)-(d) reporting plan-
view images obtained after annealing at 1253 K. On the surface of the
particles, some darker regions can be recognized and presenting regular
geometries. In particular, (b) is an enlargement on the surface of the
particle shown in (a) and (d) is an enlargement on the surface of the
particle shown in (c). To infer the nature of these darker regions, we
have to consider that the SEM images are acquired by using the back-
scattered electrons which are produced by elastic interactions of beam
electrons with nuclei of atoms in the sample [58]. The images deriving
by the backscattered electrons show characteristics of atomic number
contrast, i.e., high average Z appear brighter than those of low average Z
[58]. So, this is an indication of the fact that both solid-state and
liquid-state dewetted particles are formed, in addition to Au (brighter
regions of the surface of the particles), also by some contaminations with
lower atomic number with respect to Au, possibly C and/or Si arising
from the interaction with the SiC substrate. We observe that similar
results were obtained by Ressel et al. [59] regarding the liquid-state
dewetting of Au on Si substrate: in this case, the authors recognized
the darker regions on the dewetted particles as precipitated Si.

The third example is reported in Fig. 9: the figure shows SEM images
highlighting some specific features of the base of the dewetted particles,
i. e. particles-substrate interface with (a)-(b) reporting cross-view im-
ages after annealing at 1423 K. The features highlighted by the arrows
could indicate both signatures of the original retracted filament from
which the particle originated and/or a particle-substrate reaction.

Regarding the elemental composition of the dewetted particles, we
performed compositional analysis by acquiring EDX spectra on single
particles for each annealing temperatures. Representative results are
reported in Fig.10: as an example, (a) reports the plan-view SEM image
of an isolated dewetted particle obtained at 1253 K, (b) reports the EDX
spectrum acquired in the position indicated by the red circle in (a), i. e.
on the SiC substrate (outside the dewetted particle) and (c) reports the
EDX spectrum acquired in the position indicated by the green square in
(a), i. e. over the dewetted particle. Similarly, (d) reports the EDX
spectrum acquired on a point over the bare SiC surface after annealing
the Au/SiC system at 1473 K (SEM image not shown) and (e) reports the
EDX spectrum acquired on a point over a dewetted particle obtained
after annealing the Au/SiC system at 1473 K (SEM image not shown). In
all the EDX spectra acquired directly on the SiC surface (i. e. outside the
dewetted particles) the characterstic intense lines corresponding to Si
and C are clearly visible. In addition, the line corresponding to O can be
recognized and whose intensity increases by increasing the annealing
temperature, hence indicating an involuntary surface oxidation of the
SiC surface. However, at the temperatures of 1173 K, 1253 K and 1423 K
the O line can be considered only as a very small contamination (the O
line in the spectrum in Fig. 10(b) is representative for these three
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samples). However, only at the annealing temperature of 1473 K the O
line slightly increases in intensity (spectrum in Fig. 10(d)) indicating the
occurring, at this temperature, of a slight oxidation of the SiC surface
due to residual O3 in the annealing chamber, as typical for SiC annealing
at high temperature [60-62]. Regarding the EDX spectra acquired over
the dewetted particles (see Fig. 10(c) and 10(e) for an example), all the
spectra exhibit a very intense Au peak and Si and C peaks with lower
intensities: hence, we conclude that the dewetted particles obtained for
each annealing temperature (so, both by solid-state and liquid-state
dewetting) are formed, mainly, by Au with some C and Si contamina-
tion arising from the interaction with the underlaying SiC interface.
Generally, the Au-SiC system is classified as a non-reactive system [36],
however the degree of reactivity is strongly dependent on temperature
and Au and Si concentrations. In any case, the Au-SiC system is more less
reactive if compared, for example, to the Ti-SiC or Ni-SiC systems [36].
The non-reactivity of the Au-SiC system means that [36] there are
almost no chemical reactions between the metals and SiC under the
standard experimental conditions. However, depending on the anneal-
ing temperature and Si concentration, for example, Si chemisorption at
the Au/SiC interface [44] or electronic interactions between Au and Si
atoms with the SiC substrate [45] can occur. Based on our results, and
following some results by Naidich et al. [45], we can conclude that in

130
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our conditions (50 nm-thick Au and the chosen annealing temperatures),
Au at high temperature can decompose SiC due to Au-Si interaction.
Au-Si interatomic bonds are strong enough (in fact, the temperature
required to dissolve Au in Si is high, corresponding to 28 KJ/mol). This
description is supported by the fact that in some works a number of
Au-Si compounds such as Au,Si were found at high rapid cooling of
Au-Si melts [63, 64]. So, when the interaction between Au-SiC takes
place, the compounds Au-Si are formed and free carbon is precipitated
which can be observed on the surface of the droplets on the SiC surface.

Now, we present the quantitative analysis. First of all, Fig. 11 reports
an example of the use of the plan-view and cross-sectional SEM images
to determine D, H and 6¢ for a specific particle, as qualitatively
described in the “Experiment and Methodology” section. Then, pro-
ceeding to the statistical analysis, Fig. 12 shows the resulting histo-
grams, presenting in (a)-(b) the planar size (D) distributions measured
for the dewetted particles on the SiC surface as obtained by the 1173 K
annealing ((a)) and by the 1473 K annealing ((b)); in (c)-(d) the vertical
size (H) distributions measured for the dewetted particles on the SiC
surface as obtained by the 1173 K annealing ((c)) and by the 1473 K
annealing ((d)); in (e)-(f) the contact angle (6¢) distributions measured
for the dewetted particles on the SiC surface as obtained by the 1173 K
annealing ((e)) and by the 1473 K annealing ((f)). The obtained
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Fig. 13. (a) Plot of the average planar size (<D>) of the dewetted particles
versus the annealing temperature, with the specific indication of the Au melting
temperature (vertical red line) separating solid-state dewetting from liquid state
dewetting; (b) Plot of the average vertical size (<H>) of the dewetted particles
versus the annealing temperature, with the specific indication of the Au melting
temperature (vertical red line) separating solid-state dewetting from liquid state
dewetting; (c) Plot of the average aspect ratio (<AR>=<D>/<H>) of the
dewetted particles versus the annealing temperature, with the specific indica-
tion of the Au melting temperature (vertical red line) separating solid-state
dewetting from liquid state dewetting. In (c) the insets reports representative
cross-view SEM images indicating the typical shape of the dewetted particles
obtained by solid-state dewetting ((<AR>)>1) and by liquid-state dewetting
((<AR>)=1).

1200

distributions were used to extract the mean values <D>, <H>, <0c>.
Therefore, Fig. 13 reports in (a) the plot of the average planar size
(<D>) of the dewetted particles versus the annealing temperature, in (b)
the plot of the average vertical size (<H>) of the dewetted particles

Surfaces and Interfaces 24 (2021) 101041

140 i T T T ]
130} ]
% 120} / .
IC) )
éu 110} / ) -
Vo 100} 3 ; -
oof T17 |5 ]
)=}
a
80 1 1 1 ( )
1200 1300 1400 1500
T (K)
1,4} % > (b)]
|5
12} N ;
NE \\ U%
5 1,0 B \ y
% \
3 0,8 B \\ N
0,6 B \\\ T
N
0’4 1 1 1 N
1200 1300 1400 1500
T (K)

Fig. 14. (a) Plot of the average contact angle (<0¢c>) of the dewetted particles
versus the annealing temperature, with the specific indication of the Au melting
temperature (vertical red line) separating solid-state dewetting from liquid state
dewetting; (b) Plot of the calculated work of adhesion (Wup) of the dewetted
particles versus the annealing temperature, with the specific indication of the
Au melting temperature (vertical red line) separating solid-state dewetting from
liquid state dewetting

Table 1

This table summarizes the average contact angle <6c> of the dewetted Au
nanostructures on the SiC surface as measured by the cross-sectional SEM im-
ages, the calculated adhesion work W, for the Au nanostructures on the SiC
surface, and the calculated interface energy between Au and SiC for each
annealing temperature determining the Au film dewetting process.

Sample <0c> (deg)  yau U/m?) Wa (I/m®)  yawsic (J/m?)
Au/SiC 1173 K 92,3+6,7 1,390 [45] 1,33+0,10 1,83+0,13
Au/SiC 1253 K 95,8+8,1 1,430 [45] 1,2940,11 1,91+0,16
Au/SiC 1423 K 121,8+6,3 1,113 [41] 0,53+0,03 2,35+0,13
Au/SiC 1473 K 124,54+5,7 1,109 [41] 0,48+0,02 2,40+0,12

versus the annealing temperature, in (c) the plot of the average aspect
ratio (<AR>=<D>/<H>) of the dewetted particles versus the anneal-
ing temperature. In each plot the vertical red line indicates the Au
melting temperature and, hence, separates solid-state dewetting from
liquid state dewetting. In (c) the insets reports representative cross-view
SEM images indicating the typical shape of the dewetted particles ob-
tained by solid-state dewetting ((<AR>)>1) and by liquid-state dew-
etting ((<AR>)~1). For the annealing temperatures T=1173 K, 1253 K
(solid-state dewetting) the average planar size is, about, constant to
<D>~1240 nm, the average vertical is, about, constant to <H>~300
nm, the average aspect ratio is, about, constant to <AR>=4,1.
Increasing the annealing temperature above the Au metling
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temperature, i. e. passing to liquid state dewetting, the average planar
size decreases to the, about, constant value <D>~600 nm, the average
vertical size increases to the, about, constant value <H>~580 nm, and
the average aspect ratio decreases to the, about, constant value
<AR>=1. So, as indicated by the insets in Fig. 13(c), the dewetted
particles evolve, by increasing the annealing temperature from below to
above the Au metling temperature, from two-dimensional islands
((<D>)>(<H>)) to spherical particles ((<D>)~(<H>)). This particles
reshaping towards the spherical shape is driven by the minimization of
the surface energy activated by the Au atom self-surface diffusion. At the
higher temperatures, in particular in the liquid phase, the Au mobility is
very high promoting the surface diffusion of the Au atoms from the high
curvature (i.e., tip) to the low curvature (i.e., waist) regions of the
particles [65, 66]. Then, Fig. 14(a) presents the evolution of the average
contact angle (<6¢c>) of the dewetted particles versus the annealing
temperature, with the specific indication of the Au melting temperature
(vertical red line) separating solid-state dewetting from liquid state
dewetting. We can observe that, increasing the annealing temperature
from solid-state to liquid-state dewetting, in correspondence of the
reshaping of the particles from two-dimensional islands to spherical
particles, the average contact angle increases from, about, the constant
value 94° to the, about, constant value 135° indicating a strong decrease
of the wetting properties of Au to SiC by increasing the temperature
above the Au melting temperature. The work of adhesion for the dew-
etted particles on the SiC substrate is defined as Wap=yau+7sic-Yau/sic
and, by eq.(1), it is directly related to the experimental determined
average values for <0¢>, as it results Wap=[1+cos(<0c>)]yau-

To summarize, Tablel reports, for each annealing temperature, the
determined values for the average contact angle of the particles to the
SiC surface and the values of the surface energy ya, for Au so as
extracted by literature works. In this regard, ya, shows a dependence on
temperature [49-54], decreasing by increasing temperature and, in
particular, showing a drastic decrease passing from solid-state to liquid
state phase for Au. By using the literature values for yu, reported in
Table 1, by using the experimental derived values for the average con-
tact angle 6¢ and by using Wap=[1+cos(<0¢>)]yay, for each annealing
temperature the value of the work of adhesion Wup for the dewetted
particles to the SiC surface was calculated as reported in Table 1 and in
Fig. 14(b): by increasing the annealing temperature from below to above
Au melting temperature, in correspondence of the increase of the
average contact angle of the particles, the work of adhesion decreases
from, about, the constant value 1,31 J/m? (below melting) to, about, the
constant value 0,51 J/m? In addition, by using, for the surface energy of
SiC, the literature calculated value ysijc=1,77 J/m? [55, 56] (the surface
energy of SiC is difficult to measure, however this calculated value is
often used in a wide temperature range) and by using
Wap=Yau+tVsic-Yaussic, with the evaluated values for the adhesion work
Wy, the values for the Au/SiC interfacial energy were calculated and
reported in Table 1: according tho these assumptions and these calcu-
lations, the Au/SiC interfacial energy increases from 1,83 J/m? at 1173
K to 2,40 J/m? at 1473 K.

To conclude, we mention that the wetting of solid or liquid bulk Au
on SiC has been investigated in some previous reports [31-36, 44, 45]
and has been demonstrated to be poor, with reference to annealing of
deposited films with thickness typically larger than 1 pm and originating
droplets of several microns in size. Wang and Wynblatt [31-36] studied
the solid-state dewetting of 1 pm-thick Au film deposited on «-SiC in
various conditions. Generally, they obtained 10 pm-sized spherical Au
droplets on the SiC surface and the key result is that pure Au exhibits a
contact angle of 133° on the SiC substrate at 1123 K and a corresponding
work of adhesion of 0.445 J/m?. In their experiments, no C or Si con-
taminations of the Au droplets were detected. Drevet et al. [44] reported
a contact angle 138° for liquid Au on a-SiC at 1373 K, which agrees well
with the results obtained by Naidich et al. [45] at 1423 K. However,
Drevet et al. [44] also observed an improved wetting of liquid Au on
a-SiC by alloying Au with Si. They measured a decrease in contact angle
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from greater than 90° to less than 90° after the addition of Si to Au, and
explained this result by invoking adsorption of Si at the Au/SiC inter-
face, driven by the formation of a strong chemical bond at the interface.
In this regard, futhermore, Naidich et al. [45]investigated the influence
of silicon content and temperature on the wetting of Au-Si/SiC system,
obtaining contact angles, at temperatures ranging from 1373 to 1773 K,
varying as a function of Si content, with pronounced minima at about 5°
at 1500 K for Si relative concentration of 0,3. In this case, the authors
attributed the presence of a minimum in the contact angle to the elec-
tronic interactions between Au and Si atoms with the SiC substrate:
Au-Si interactions in the liquid phase should strengthen the Si-SiC bonds
with a transition of valence electrons towards Si atoms. Thus,
more-covalent bonds can be established between Si atoms in the alloy
and those in the substrate, leading, as a result, to an increased wetta-
bility. Nogi and Ogino [67] found even lower values of the contact angle
(118° at 1373 K and 110° at 1453 K) of Au macroscopic bond on a-SiC.

Overall, the studies and results reported by us in the present work
scale-down those previously reported for the macroscopic Au-SiC system
to sub-micrometer and nanoscale range establishing an approach for the
nano-shaping of Au particles on SiC surface for designed
nanotechnology-related applications ranging from plasmonics to
sensing.

4. Conclusion

Different nano-shaped particles were obtained on the surface of 4H-
SiC by depositing a nanoscale-thick Au film and promoting, by anneal-
ings, the film solid-state or liquid-state dewetting process.

Morphological analyses using SEM images were carried out with the
following results:

1) the 1173 K- and 1253 K-annealed samples (i.e. solid-state dewetting)
present a formation of two-dimensional islands with the average
planar size larger than the average vertical size and an average
aspect ratio of, about, 4,1. For these samples, in particular, the
average planar size is, about, constant to <D>~1240 nm, the
average vertical is, about, constant to <H>~300 nm;
the 1423 K- and 1473 K-annealed samples (i.e. liquid-state dewet-
ting) present a formation of three-dimensional spherical with the
average planar size very similar to the average vertical size, i. e. with
an average aspect ratio of, about, 1. For these samples, in particular,
the average planar size is, about, constant to <D>~600 nm, the
average vertical is, about, constant to <H>~580 nm;
3) In any case, the general shape of the Au particles consists of sharply
defined facets at {100} and {111} orientations;
4) the dewetted particles are formed by Au with some inclusions of C
and Si due to the Au interaction with the SiC substrate during the
annealing processes;
Contact angle measurements for the dewetted particles on the SiC
surface underline different wetting properties for solid-state and
liquid-state dewetted particles. In particular, the solid-state dewetted
particles show an average lower contact angle, about 94°, than the
liquid-state contact angle, about 135° indicating a decrease in the
wetting of the particles to SiC by increasing the temperature above
the Au melting temperature;
the wetting nature of the particles to the SiC surface was quantified
by the calculation of the work of adhesion which resulted about 1,31
J/m? below the Au melting temperature and about 0,51 J/m? above
the Au melting temperature.
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