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This article presents a morphological study of ultrathin gold and copper coatings (between 1 nm and 20 nm
equivalent metal thickness) thermally evaporated on polydimethylsiloxane (PDMS). Results are discussed on the
basis of transmission electron microscopy (TEM) and atomic force microscopy (AFM). Gold is demonstrated to
grow in the form of isolated particles following a Volmer-Weber growth mode, whereas copper more likely
grows in the form of a continuous film, following a Stranski—Krastanov growth mode. Our results demonstrate a
negligible role of the PDMS elastic modulus (between 0.5 MPa and 2.5 MPa) in the gold and copper coatings
morphology respectively. However, significant morphological changes are observed when the metals are
thermally evaporated on a PDMS substrate of extremely higher surface elastic modulus obtained after O, plasma

exposure.



INTRODUCTION

Condensation of evaporated metals on polymers leads in most cases to the growth of isolated nanoparticles due
to the weak interactions between metal atoms and polymer, in comparison with the strong interactions between
metal atoms. This so-called Volmer-Weber growth mode was demonstrated for example for gold, copper and
silver evaporated on different types of polymeric substrates such as epoxy resins, polyimide, Teflon, polystyrene,
or polycarbonate [1-4]. It appears in these studies that the chemical nature of the polymer and that of the metal
strongly influence the size, morphology, and surface distribution of the growing nanoparticles. These features are
also influenced by the deposition rate [5] or thermal annealing for example [6-8]. Beyond a critical thickness,
particles coalesce into semi-continuous films. This thickness sets the limit between applications based on
polymer-supported isolated metal nanoparticles, for instance in heterogeneous catalysis or optoelectronics [9-
13], and those based on polymer-supported semi-continuous metal polymer-supported microelectronics, sensors

and solar cells for example [14-16].

In the specific case of elastomeric substrates, metallic coatings were recently proposed in many applications such
as flexible sensors, electronic and optical devices for example [17-23], the metallic coating being in the form of
a particle-based monolayer or a continuous coating. Despite these numerous applications and unlike stiffer
polymeric substrates, very few studies discuss the growth mechanism of evaporated metals on elastomeric
substrates. Indeed, while most of the studies focus on the mechanical behavior and morphological evolution of
elastomer-supported metal coatings thicker than tenths of nanometers [24-31], only little is known about the
very first moment of the growth and the related morphology of the metallic coating on the elastomeric substrate
[25]. It is however the behavior of the first atoms condensing on the substrate that defines the morphology and
surface distribution of the growing nanoparticles, or the mechanical and adhesive properties of the continuous
metal coating. This knowledge is crucial for the subsequent control of the required electrical, optical or

mechanical properties.

In the present work, we discuss the growth mechanism of gold and copper coatings thermally evaporated on
Sylgard 184 polydimethylsiloxane (PDMS) using transmission electron microscopy (TEM) and atomic force
microscopy (AFM) for metal thicknesses between 1 nm and 20 nm. Sylgard 184 was chosen as model elastomer
since it is very often used as elastomeric substrate in experimental studies using metal coated elastomers
[25,32,33]. We have considered gold and copper for their wide range of applications, and because of their weak

and strong interactions expected with polar moieties of PDMS respectively. Two distinct PDMS elastic moduli



easily achievable with the Sylgard 184 kit (0.5 MPa and 2.5 MPa) were considered in order to identify a possible
role of the substrate elasticity in the morphology of metal coatings. Additionally, we considered an extremely
high surface elastic modulus (in the order of 1 GPa) obtained after O, plasma treatment of the PDMS substrate.
This surface treatment is often proposed as a convenient way to turn the surface from hydrophobic to
hydrophilic. It allows grafting of functional molecules or changing liquid/surface interaction for microfluidic
applications for example. The following results are discussed in the context of the growth of isolated metal

nanoparticles on PDMS elastomers that is relevant for a large variety of applications.



MATERIALS AND METHODS

Elaboration of the metallized Sylgard 184 polydimethylsiloxane substrates Gold and copper (from Umicore
and Thermofischer scientific respectively) were evaporated onto a thin Sylgard 184 polydimethylsiloxane film
(Dow Corning, Midland, MI, United States) supported by a formvar copper mesh grid of 3 mm diameter (Agar
Scientific Ltd, Stansted, United Kingdom) for TEM observations. This supported polydimethylsiloxane (PDMS)
substrate was elaborated following a procedure proposed by Thangawng et al. [34] . The two components of the
Sylgard 184 (prepolymer and cross-linker) were first mixed and degassed at ambient air during 20 min before
being diluted at a concentration of 5% w/w in hexane in order to reduce the viscosity and thus, to produce thinner
spin-coated films. 200 pl of this solution was poured on the 3 mm large TEM grid already placed in the spin-
coater. The film was then formed at an acceleration of 3 000 rpm?2 and a speed of 6000 rpm during 90 seconds.
The grid covered with Sylgard 184 was then placed in an oven at 80°C during 5 hours for curing. Deposition of
gold and copper was carried out using an evaporator (Auto 360 vacuum, from Edwards). The pressure was kept at
2.5 10° mbar and the deposition rate was fixed at 0.1 nm s*. Distance between the sample and the metal source

was fixed at 15 cm.

Characteristics of the Sylgard 184 polydimethylsiloxane (PDMS) substrates Three different surface elastic
moduli were considered. The two first were obtained with prepolymer to cross-linker weight ratios of 10/1 and
10/0.5 respectively. Mechanical analyses of these samples were performed on a INSTRON 4505 dynamometer
(Zwick upgraded, ZwickRoell Testing Systems GmbH, Firstenfeld, Austria) equipped with a 1 kN force sensor,
with a preload of 0.2 N and a deformation speed of 10 mm.mint, according to the 1SO 527 standard. The elastic
modulus was estimated from the linear part of the stress-strain curve at small deformations and led to an elastic
modulus of 2.1 £ 0.1 MPa for the ratio 10/1 and 0.4 + 0.1 MPa for the ratio 10/0.5 respectively (the uncertainty
given for the elastic modulus covers three independent measurements). The two previous PDMS substrates are

named “0.5 MPa” and ‘2.5 MPa” in the following.

The substrate with the highest surface modulus was obtained after O, plasma exposure, which is commonly
proposed to adjust the chemical and mechanical surface properties of PDMS. The Sylgard 184 cured at a ratio of
10/1 was exposed during 2 min to the plasma generated at 50W and 1.102 mbar. As assessed by wettability
measurements this exposure leads to the formation of a highly hydrophilic silica-like (SiOx) surface, which
recovers over few days the hydrophobicity of the initial PDMS due to the diffusion of free polymer chains towards

the surface [35-43]. In our case, hydrophobic feature was recovered after 6 days and the sample was metallized



only then. In our experimental conditions the thickness of the silica layer is expected to be in the order of tenths
of nanometer [39]. This silica-like (SiOx) overlayer is characterized by a high elastic modulus as compared to that
of the PDMS bulk material. It was shown that depending on the oxidative conditions, elastic moduli from several
tens of MPa to 2 GPa can be obtained by O, plasma treatments [44,45]. Surface mechanical measurements were
performed on a Nanoscope IV atomic force microscope (in the PeakForce QNM mode from Briicker, Billerica,
Massachusetts, USA) at air and ambient conditions. Force-distance curves were acquired at 2 kHz with a cantilever
of 48 N.m™ and a resonant frequency of 190 kHz. Although extremely heterogeneous, the surface elastic modulus
was found to be in between 1 GPa and 10 GPa, which is in the order of magnitude of the elastic modulus expected
after such treatment. We thus consider in the following that the O, plasma treated Sylgard 184 PDMS has a silica-
like (SiOx) overlayer with a surface elastic modulus much significantly higher than the one of non-treated PDMS.

This PDMS substrate is named “1 GPa” in the following.

Observations of the metallized Sylgard 184 polydimethylsiloxane (PDMS) substrates Atomic force
microscopy (AFM) imaging was performed on a Flex AFM equipped with a C3000 controller (Nanosurf, Liestal,
Switzerland), with AFM probe cantilevers of 13-77 N.m and acquisition frequencies of 2 kHz. Transmission
electron microscopy (TEM) was performed on an ARM-200F microscope (JEOL, Tokyo, Japan) working at 200

kv.

Statistical analysis of the metallized Sylgard 184 polydimethylsiloxane (PDMS) substrates TEM images were
analyzed using the freeware ImageJ [46]. Particle Feret’s diameter, projected area, circularity, as well as particle
surface density and covered area were calculated after thresholding TEM images. The circularity is calculated by
the software using the formula circularity = 4z (area/perimeter?). Three independent experiments were performed
for each substrate elastic modulus for reproducibility purposes. Since the distributions of the particle Feret’s
diameter, projected area, circularity are not normal, the median and interquartile range values of these

measurements are given in the following.



RESULTS AND DISCUSSION

Figure 1 shows transmission electron microscopy (TEM) images of Sylgard 184 coated with gold for
different metal thicknesses (1 nm, 5 nm, 10 nm and 20 nm), at different magnifications. At 1 nmand 5
nm thicknesses, coatings are made of discrete nanoparticles, with circular and wormlike shapes
(Figure 1A and B). Figure 2 gives for these two thicknesses, the statistics of the particle morphologies
(Feret’s diameter, projected area and circularity), the particle surface density and the surface coverage.
Increasing the amount of condensed gold from 1 nm to 5 nm equivalent thickness leads to an increase
of the median Feret’s diameter (from 8.0 nm to 13.2 nm with an interquartile range (IQR) of 5.4 nm
and 8.4 nm respectively), an increase of the median particle projected area (from 38 nmz2 to 125 nm?
with an IQR of 34 nm2 and 116 nm?2 respectively). This increase of particles size is associated to a
decrease of the median circularity (from 0.88 to 0.79 with an IQR of 0.20 and 0.19), a decrease of the
particle surface density (from 5 600 particles/um?2 to 3 500 particles/um?2) and an increase of the
surface coverage (from 22% to 37%). These trends can be explained by a spreading and coalescence of
the growing particles that finally lead to a decrease of particle surface density and circularity
associated to an increase of the surface coverage. It also suggests gold to grow on Sylgard 184
following a Volmer-Weber mode. This mode is commonly associated to weak interactions between
the condensed atoms and the substrate that lead to atoms surface diffusion and ultimately to the growth
of isolated particles as shown in Figure 1. On the whole, the morphology of the particles and their
evolution during their growth are very similar to what is usually described for gold growing on
polymers [2,47,48]. High magnification observations of these particles reveal remarkable ordering at

the atomic scale (Figure 3A and B).

For an equivalent metal thickness of 10 nm, the coalescence of particles leads to irregular and
interconnected particles, so that median Feret’s diameter, median particle projected area and median
circularity are difficult to measure (Figure 1C). The surface coverage increases up to 78%. With
further increase in the equivalent film thickness to 20 nm, a semi-continuous film with uncovered
areas similar to cracks is formed with a coverage of around 91% (Figure 1D). A TEM image of this
semi-continuous film is given at smaller magnification in Figure 4A. Uncovered crack-like areas are

still observed for thicker coatings, such as in 60 nm thick coatings, as illustrated in Figure 4B.



Although it was not the aim of this study, the transition between the formation of isolated particles and
a percolated coating is found to occur for an equivalent metal thickness of about 10 nm. This thickness

sets the limit between potential particle-based applications and semi-continuous coating-based ones.

Figure 1 : TEM images at three different magnifications of Sylgard 184 coated with gold at an equivalent metal thickness of
1nm(A), 5nm (B), 10 nm (C) and 20 nm (D).



1nm

0 10 20 30 40 0 50 100 150 200 o 02 04 06 08 10
Feret’s diameter (nm) Particle projected area (nm?) Circularity
25
E 5nm E 1 5nm E 14 5nm
20 12 12
10 10
X & X 8
6 6
4 4
2 2
0 10 20 30 40 0 50 100 150 200 0 02 04 06 08 10
Feret’s diameter (nm) Particle projected area (nm?) Circularity
Sample Feret’s Particle projected Circularity Particle surface Surface
diameter (nm) area (nm?) density (um?) coverage (%)
1nm/ 2.5 MPa 8.0 (5.4) 38 (34) 0.88 (0.20) 5 600 22
5nm /2.5 MPa 132 (8.4) 72 (68) 0.79 (0.19) 3500 40

Figure 2 : Statistical analyses of gold particles morphologies and coverage for 2.5 MPa Sylgard 184 substrate at an
equivalent metal thickness of 1 nm and 5 nm (from Figure 1A and 1B — first column): distribution in percentage of the
particle Feret’s diameter, projected area and circularity at 1 nm (A, B and C) and at 5 nm (D, E and F) respectively. In table,
for the two thicknesses, median value extracted from the previous distributions (the number in brackets corresponds to the
Interquartile Range), and values of the particle surface density and surface coverage.

Figure 3 : TEM images at high magnification of gold particles grown on Sylgard 184 (at 5 nm equivalent thickness)



Figure 4 : TEM images of gold coatings on Sylgard 184, at a thickness of 20 nm (A) and 60 nm (B).

Figure 5 shows TEM images of Sylgard 184 coated with copper for different copper thicknesses (1 nm, 5 nm, 10
nm and 20 nm) and at different magnifications. Unlike gold, the deposition of 1 nm of copper led to a darkening
of the images, without the possibility to observe particles at the surface, suggesting the growth of a continuous
coating. For thicknesses from 5 nm to 10 nm (Figure 5B and Figure 5C respectively) blurry dots can be
distinguished whereas contrasted particles were observed with gold at these same thicknesses (Figure 1B and
Figure 1C). Finally, these dots whose size increases with increasing the amount of condensed copper turn into
domains of higher contrast, with well-organized crystalline domains as assessed by the observation of Moiré
patterns in the TEM images (pointed by white arrows in Figure 5D). A similar coating morphology constituted
by blurry particles, as observed by TEM, was already described for copper evaporated onto polyimide [1] and
epoxy resins [2]. Although the copper morphology was attributed in these studies to a Volmer-Weber growth
mode, we more likely believe that the darkening of the TEM image at 1 nm of deposition and the subsequent
growth of blurry dots corresponds to a Stransky-Krastanov growth mode. Indeed, this growth mode is
characterized by a growth initiation in the form of a 2D layer followed by the growth of 3D islands over a
continuous metal layer. The oxygen rich polydimethylsiloxane backbone of Sylgard 184 can indeed strongly
interact with copper atoms that condense on the elastomer surface. We measured in a previous study the
interaction of copper condensed on silicon oxide, which could be considered as a relatively close oxygenated
substrate, and we reported remarkably high adhesive force [49]. A strong interaction between copper and
different polymers (polystyrene, polyvinyl alcohol, polyethylene oxide, polyvinyl methyl ether, polyvinyl
acetate, and polymethyl methacrylate) through the formation of an oxygen rich interphase is also assessed since
decades [50]. In the case of polydimethylsiloxane surfaces, stronger adhesion of a copper coatings was also

observed after Ar* ion irradiation due to the etching of free chains and to the enrichment of the elastomer surface



in oxygen species [51]. More recently, copper condensing on epoxy resins was shown to interact preferentially

with Cu atoms and hydroxyls to form Cu—O-C bonds [52].

The hypothesis of a Stransky-Krastanov growth mode in the case of copper is supported by atomic force
microscopy (AFM) observations of 20 nm thick metal coatings on Sylgard 184. Figure 6 shows typical
topographic AFM images of these coatings. Topographic image of the gold coating (Figure 6A) shows a
granular structure corresponding to the granular domains observed on the TEM images (Figure 1D). The surface
is relatively smooth, with a full height scale at 20 nm. Unlike gold, the topographic image of the copper coating
(Figure 6B) shows relatively large and high wrinkles (height scale is in this case 380 nm). It was shown that
these wrinkles arise from the differential elastic properties between the metallic coatings and the elastic substrate
[53]. It supposes a continuous and adhering coating that transmit the mechanical constraint at the origin of the
surface deformation into wrinkles. This observation supports in our case the hypothesis of a continuous and
adhering copper film. Similar wrinkles were indeed observed for metals strongly adhering to the elastomer
substrate as for example for chromium sputtered on Sylgard 184 at thicknesses between 8 nm and 15 nm. [25].
However, the sparse and isolated particles of gold resulting from the lower metal/elastomer interactions as
compared to copper, do not transmit such a constraint and no wrinkle is observed in this case (Figure 6A). The
absence of wrinkles for such thin gold coatings agrees with observations already discussed in the literature, as in

the case of gold sputtered on Sylgard 184 at thicknesses between 8 nm and 24 nm [25].
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Figure 5 : TEM images of Sylgard 184 coated with copper at a thickness of 1 nm (A), 5 nm (B), 10 nm (C) and 20 nm (D), at
three different magnifications.

copper

20 nm

.
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N

Figure 6 : Topographic AFM images of 20 nm thick gold (A) and copper (B) coatings on Sylgard 184.
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To study the effect of the elastic modulus on the morphology of growing gold and copper coatings on Sylgard
184, we studied two other elastic moduli in addition to the commonly used 2.5 MPa Sylgard 184: (i) a low
elastic modulus, of 0.5 MPa, corresponding to the lowest elastic modulus obtained by reducing the cross-
linker/base ratio of the Sylgard 184 kit, and (ii) an extremely high surface elastic modulus, in the order of 1 GPa,
obtained after O, plasma exposure, that is commonly used as a technique for mechanical and chemical surface
modification of Sylgard 184 (see experimental section). Figure 7 shows characteristic TEM images of Sylgard
184 of different surface elastic moduli (0.5 MPa, 2.5 MPa and 1 GPa) coated with gold at three different

equivalent metal thicknesses (1 nm, 5 nm and 10 nm).

0.5 MPa

2.5 MPa

1 GPa

Figure 7 : TEM images of Sylgard 184 covered with gold of 1 nm, 5 nm and 10 nm metal thickness at three different surface
elastic moduli: (A) 0.5 MPa, (B) 2.5 MPa and (C) 1 GPa obtained after O, plasma exposure.

Figure 8 and Figure 9 give the statistical analyses of the gold particles features and the corresponding coatings
grown on Sylgard 184 of different elastic moduli for equivalent metal thicknesses of 1 nm and 5 nm respectively.
These data are provided for three independent experiments for reproducibility purposes. At a given elastic
modulus, these results confirm the general trend of an increase of the particle size, decrease of circularity and
particle surface density, when increasing the thickness (table in Figure 8 and Figure 9) as discussed earlier (table
in Figure 2). For an equivalent thickness of 1 nm, no significant difference in the particle size and circularity can

be observed for the three different elastic moduli (Figure 8A and B). Smaller particles were observed in two
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independent experiments when grown on Sylgard 184 of 1 GPa (#2 and #3 in Figure 8A). However, these two
experiments with small particles are also associated to low coverages which can reasonably be attributed to a
lower amount of condensed gold. To our sense, this result is to be attributed to the lack of precision in the
quantity of condensed metal for such small metal amount and such deposition rate. The median value of particles
circularity is similar for the three modules although the distribution of the particles grown on the 1 GPa substrate
is narrower. For an equivalent thickness of 5 nm, larger particles are systematically observed in the three
independent experiments when grown on Sylgard 184 of 1 GPa, as compared to those grown on substrates of 0.5
and 2.5 MPa (Figure 9A). Similarly, for this elastic modulus, circularity decreases in the three independent
experiments, as well as particle surface density. For an equivalent thickness of 10 nm the particle surface
coverage significantly increases in the case of the 1 GPa Sylgard 184, with relatively larger gold domains, as

qualitatively observed in Figure 7C.

13



A 1
N E— O Sam
= 0.8
£ -
c 16 -
-~ >
o ® o6
P = s I J - J
£ S
B g £ 04
© &
-, T 0.2
Q
| .
s |1 1] 'm
m -
0 L
H1 #2 #3 H1 #2 #3 #1 H#2 #3 #1 #H2 #3 #1 #2 #3 H1 #2 H3
0.5 MPa 2.5 MPa 1 GPa 0.5 MPa 2.5 MPa 1 GPa
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diameter (nm) area (nm?) density (um?) coverage (%)
1nm /0.5 MPa #1 7.2 (4.5) 34 (33) 0.89 (0.15) 7 190 23
#2 82  (5.8) 37 (37) 0.88 (0.16) 5630 24
#3 76  (45) 34 (28) 0.89 (0.15) 7690 26
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Figure 8 : Statistical analyses of gold particles morphologies grown on Sylgard 184 of three different elastic moduli, for a
metal thickness of 1 nm and three independent experiments (#1, #2, #3 ): distribution in percentage of the particle Feret’s
diameter and circularity (A, B). In table, for the three elastic moduli, median value of the particle Feret’s diameter, projected

area and circularity (the number in brackets corresponds to the interquartile range), and values of the particle surface
density and surface coverage, for the three independent experiments.
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Figure 9 : Statistical analyses of gold particles morphologies grown on Sylgard 184 of three different elastic moduli, for a
metal thickness of 5 nm and three independent experiments (#1, #2, #3 ): distribution in percentage of the particle Feret’s
diameter and circularity (A, B). In table, for the three elastic moduli, median value of the particle Feret’s diameter, projected
area and circularity (the number in brackets corresponds to the interquartile range), and values of the particle surface

density and surface coverage, for the three independent experiments.

Figure 10 shows TEM images of Sylgard 184 of different surface elastic moduli (0.5 MPa, 2.5 MPa and 1 GPa)

coated with copper at three different thicknesses (1 nm, 5 nm and 10 nm). As observed with gold, lowering the

elastic modulus of Sylgard 184 to 0.5 MPa does not lead to significant changes in the morphology of the

growing copper coatings. For an elastic modulus of 1 GPa however, the morphology of the copper coatings

(Figure 10C) differs from that observed for lower moduli. The most significant difference with the two lowest

elastic moduli appears for a thickness of 10 nm for which the coating appears more homogeneous with well-

organized crystalline domains as assessed by moiré patterns (pointed by white arrows in Figure 10C).
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Figure 10 : TEM images of Sylgard 184 covered with copper of 1 nm, 5 nm and 10 nm metal thickness at three different
surface elastic moduli: (A) 0.5 MPa, (B) 2.5 MPa and (C) 1 GPa obtained after O, plasma exposure.

Varying the elastic modulus of the Sylgard 184 substrate from 0.5 MPa to 2.5 MPa did not significantly changed
the morphology of the gold or copper coating. On the contrary, increasing the surface elastic modulus up to 1
GPa after O, plasma exposure led to a new coating morphology. This result might be attributed to a modification
of the atom surface diffusivity due to the presence of the hard and stiff silica-like outermost layer (produced by
O, plasma exposure). Many parameters govern the surface diffusivity of a metallic atom that adsorbs on a
polymeric surface. It was shown that this diffusivity can be affected by the nature of the evaporated metal [1-
3,54] and by the nature or surface energy of the polymer [1,3,4,55,56]. Also, low density polymers can lead to
diffusion of metal atoms and condensation of atom clusters into the polymer substrate. Experimental evidence of
this diffusion was given for example in the case of gold condensing on polycarbonate [57] and of copper on
polyimide [58]. Kovacs et al. demonstrated that decreasing the surface energy increases the diffusion into the
polymer [59]. The diffusivity being related to the specific properties of polymers, other studies evidenced an
increase of diffusivity when annealing the substrate during or after deposition, eventually close to the glass
transition [6-8]. This diffusion was shown to be hindered chemically and mechanically by an ultrathin chromium
layer previously deposited on a polymer [60]. Similarly, we hypothesize that the hard silica-like layer resulting

from the O, plasma exposure induces an increase of the atom surface diffusivity and thus larger gold domains.
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On the contrary a possible diffusion within the elastomer for lower surface elastic modulus led to an anchoring

of metal atoms in the substrate and thus to a smaller but more numerous domains.

17



CONCLUSION

In summary, we have examined on the basis of transmission electron microscopy and atomic force
microscopy images, the morphology of gold and copper coatings thermally evaporated on Sylgard 184
polydimethylsiloxane at the very first moments of condensation and coating growth, for equivalent metal
thicknesses going from 1 nm to 20 nm. Whereas gold appears clearly to grow in the form of isolated
particles following a Volmer-Weber growth mode, we propose that copper more likely grows in the
form of a continuous film, following a Stranski—Krastanov growth mode. Varying the Sylgard 184
elastic modulus from 2.5 MPa to the lowest achievable elastic modulus of 0.5 MPa, did not significantly
changed the morphology of the gold and copper coatings respectively. However, O, plasma exposure
often proposed for this material remarkably affects the morphology of both gold and copper coatings.
We attributed these changes to the presence of a silica-like layer of extremely higher elastic modulus
produced during this surface treatment, that might affect the mobility of the metal atoms and

subsequently the coating growth.

Our results demonstrate the possibility of easily decorating elastomers with gold nanoparticles,
reasonably of up to around 20 nm Feret’s diameter. The precise control of the size, and especially for
lower sizes, require a precise control of both deposition rate and amount of deposited metal. The
deposition of around 10 nm equivalent thickness and above led to particles coalescence, resulting in
extremely irregular and elongated shapes (ginger-like shape). However, in the case of copper, isolated
particles couldn’t be clearly identified, similarly to those observed for gold; the coating homogeneously
covering the substrate. These two distinct morphologies, of discontinuous or continuous ultrathin metal
coatings might finally give insights in the physical behaviors of thicker coatings (adhesion and cohesion

for example) that are known to be governed by the microstructure of the coatings at interfaces.
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