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ABSTRACT

Herein we report a systematic study on the wetting and optical properties of PDMS surface
coated by silver nanoparticles. Uniform Ag nanoparticles distribution onto PDMS membrane
was obtained through d.c room-temperature sputtering. The effect of sputtering current and
PDMS mixing ratio between oligomer and curing agent was investigated by means of UV-
Vis spectroscopy and contact angle measurements. The results clearly show that the
wettability and optical properties of the silver-coated elastomeric substrate were strongly
affected by the sputtering current and by the PDMS composition with a marked decrease of
the water contact angle and the spectral shift of well-defined plasmonic dips in the
transmittance spectra related to the nanoparticles morphology. Finite Element Method was
employed to model the optical experimental results. The observed tunable properties can find
huge application in several technological fields in which PDMS was usually employed as

structural and/or plasmonic active element.



INTRODUCTION

PolyDiMethylSiloxane (PDMS) is one of the most employed polymer in the micro- and nano-
technology field.** Its enormous potential and ever increasing popularity mainly reside in its intrinsic
smart properties: cost effective, ease of fabrication process, high dielectric coefficient,
biocompatibility, optical transparency, flexibility/stretchability and oxygen permeability.>® The
various outstanding properties of PDMS are basically due to the presence of methyl groups along the
Si-O-Si backbone which confers to the elastomer a low surface energy and high thermal stability
along with chemical and biological inertness. Thanks to the above mentioned characteristics, in the
last decades it has been employed for the fabrication of several kind of devices such as biosensors,®*°
tactile sensors,***? lab-on-a-chip,'3!* energy harvesters'>'® and actuators.'"!8

In all the main fields of application of PDMS its surface properties have a crucial importance in
determining the final performances. Previous works have demonstrated that varying the mixing ratio
of the bi-component elastomer precursors it is possible to strongly influence the surface properties of
cross-linked material.'%° Another way aimed to modify the PDMS surface features such as its
wettability concerns with depositing or embedding different kind of nanostructures within the
elastomeric surface.??> However there are not reports about the combination of the last two
approaches.

Moreover the PDMS optical properties are of fundamental importance for its microfluidic
application where high transparency?® or tunable absorption windows?* are required.

Herein, we reported on the d.c. sputtering deposition of Ag nanoparticles (NPs) onto PDMS
membranes with different mixing ratio of the pre-polymer and curing agent. The obtained Ag-
coated substrates were deeply characterized by contact angle analysis, electron microscopy
and optical measurements (FTIR and UV-Vis transmittance spectroscopies), demonstrating

the easy tuning of wettability and absorption/scattering windows of the prepared material.



EXPERIMENTAL SECTION

Ag-coated PDMS membranes fabrication.

PDMS pre-polymer and curing agent (Sylgard 184, Dow Corning) were mixed with different
weight ratios (3:1, 5:1, 10:1, 20:1) and degassed at room temperature for 1 h. The mixtures
were then casted into milling machined PMMA mold and cured at 80°C for 1 hour in a
convection oven. In this way PDMS membrane with thickness of 500 um and areas of 6 cm?
can be obtained.

Ag nanoparticles were deposited at room temperature by d.c. sputtering in Ar atmosphere 10
4 bar (Q150T-ES, Quorun Technologies) using sputtering currents in the range 20-40 mA for
5 seconds.

In order to allow a qualitatively morphology characterization of the PDMS surface at the
different mixing ratio by optical microscopy, a 100 nm thick Pt film was deposited on selected
samples by d.c. sputtering at room temperature in Ar atmosphere 10 bar (Q150T-ES, Quorun

Technologies) using sputtering current of 50 mA for 180 seconds..

Characterization methods

Fourier transformed infrared (FTIR) spectra were recorded using a Nicolet 5700 FTIR
Spectrometer with 4 cm® resolution and an average of 64 scans. FTIR was performed on
PDMS substrates to examine the dependence of material composition on different mixing
ratios.

FESEM micrographs of sputtered samples were obtained as secondary electron images with
5 keV electrons using a Zeiss Supra 40 Field Emission Scanning Electron Microscopy.
Optical transmittance of the Ag-coated PDMS membrane was measured by a PerkinElmer
LAMBDA 35 spectrophotometer in the wavelength range 300-700 nm. Five sample were

prepared for each set of conditions exhibiting identical optical response.



The wetting behaviour of the samples was evaluated by contact angle measurements by the
sessile drop technique with an OCA H200 instrument (DataPhysic Instruments GmbH) in
ambient conditions. A Dl-water drop with a volume of 1.5 pL was dispensed, and the image
of the drop on the sample was acquired with the integrated camera. The drop profile was
extracted and fitted through the Young-Laplace method, and contact angles between fitted
function and base line were calculated by the SCA20 software that returned the contact angle
value at the liquid-solid interface. For each sample, four drops were dispensed at different
positions on the surface and the average value was calculated.

Strip tests were performed on the sample surface to evaluate the Ag nanoparticles adhesion
with a commercial scotch tape. In particular, the eventual mass removal was studied for
selected samples by comparing the UV-Vis transmittance spectra taken before and after the
test.

A ZEISS optical microscope (Scope Al-Axio) was used to qualitatively characterize the Pt

coated PDMS surface at the different mixing ratio.

RESULTS AND DISCUSSION

The cross-linking of PDMS into an elastomer is obtained via hydrosilylation in which vinyl
groups of one component (prepolymer) react with hydrosilane groups of the other component
(curing agent) in a platinum catalysed reaction.

The dependence of cross-linked PDMS membranes by the curing agent concentration was
studied by FTIR analysis. In Figure 1 the spectra recorded by PDMS samples fabricated
varying the mixing ratio from 3:1 up to 20:1 are reported. In the zoom it is possible to
appreciate the intensity reduction of the bands associated to the cross-linker (bending Si-H at
910 cm?) and the opposite behaviour for the bands characteristic of the oligomers (stretching

Si-O-Si at 1010 and 1054 cm?).
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Figure 1. FTIR transmittance spectra for PDMS at different mixing ratio
(oligomer:crosslinker): 3:1, 5:1, 10:1, 20:1. In the inset the zooms make evident the

fundamental changes.

Just after Ag deposition it was possible to appreciate a strong colour variation depending on
sputtering current and PDMS composition (see insets Figure 2). The colour of the noble-metal
coated substrates is strictly dependent on the plasmonic response. [Hulteen, J. C., Patrissi, C. J.,
Miner, D. L., Crosthwait, E. R., Oberhauser, E. B., & Martin, C. R. (1997). Changes in the shape and
optical properties of gold nanoparticles contained within alumina membranes due to low-temperature
annealing. The Journal of Physical Chemistry B, 101(39), 7727-7731.] In particular, all the
transmittance spectra obtained on the metal-elastomeric nanostructures are characterized by
dips corresponding to plasmon resonances ascribed to enhanced absorption/scattering
processes related to Localized Surface Plasmons (LSP) coupled either to individual particles

or through inter-particle interactions.
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Figure 2. Transmittance spectra of PDMS membrane coated with Ag nanoparticles by
sputtering deposition varying the PDMS mixing ratio and the sputtering current at a fixed
deposition time of 5 seconds. In the insets digital photographs of the Ag coated PDMS for

all the composition and sputtering current are shown. The black arrows indicate the trend of

the plasmon resonance spectral shift increasing the deposition current.

On the other hand, theoretical and experimental analysis performed on elastomeric
membranes decorated by Ag/Au nanoparticles vyielded the dominance of inter-particle
effects.?>2" Actually, taking into account LSP coupled to particle dimers, a shift of the
plasmon resonances can be observed by changing the particle density and the average particle
size. Indeed, the main plasmon resonance is subjected to a spectral blue-shift by increasing
the inter-particle nanogap?’, while fixing the gap, the increase of the particle size induces a
red-shift. Such behaviour can be easily verified by analysing the near-field EM intensity

spectra within Ag dimer nanogaps. To this aim, the optical response of Ag dimer of several



size and inter-particle gap deposited on a PDMS membrane has been modelled by 3D Finite
Element Method (COMSOL Multiphysics software). The nanoparticles were modelled with
a hemispherical shape, consistently with the model of noble metal clusters previously derived
by Santoro and coworkers [Santoro et al., Appl. Phys. Lett., 2012, 104, 243107] discussed in
terms of grazing incidence X-Ray scattering (GIXS) characterization and corroborated by
TEM analysis reported by Han et al. [Han et al., J. Phys. Chem. Lett. 2014, 5, 131]. Moreover
with the aim of obtaining a clear nanostructural proof of the particle shape we have performed
cross-sectional FESEM characterization of silver nanoparticles (see Figure S1 in the
Supporting Information).

As clearly shown in Figure 3, the EM intensity spectra (incident electric field polarized along
the dimer axis) are characterized by a strong resonance which is subjected to a blue-shift and
to an intensity quenching by increasing the inter-particle gap. This is observed for several

fixed hemisphere diameters (see Figure 3b).
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Figure 3. (a) Calculated EM near-field intensity spectra within the nanogap of a dimer
consisting in Ag hemispheres loaded on PDMS (sphere diameter = 18 nm). The spectra are
related to different inter-particle gap (d = 2-30 nm). Incident electric field polarized along

the dimer axis. (b) Spectral position of the main resonance for dimers characterized by

several diameters and inter-particle gaps.



In our samples, the increase of the sputtering current gives a red-shift of the plasmonic dip for
all the PDMS substrates synthesized with different mixing ratio. Thus, a Ag nanostructured
network with an increase of both the particle size and the particles density (i.e. shrinking on
the inter-particle gap) can be foreseen. Figure 4a shows the calculated EM intensity spectra
within the gap of two specific Ag dimers (depicted in Figure 4b,c). For dimers with increased
size and decreased gap a spectral red-shift is evidenced. It is worth to underline that beside
the NPs morphology, the effect of the dielectric substrate must be taken into account both for
the LSP resonance energies and for the fields spatial localization.?®2° However, the influence
of the different pre-polymer and curing agent mixing ratios used for the synthesis of the PDMS
membranes on their refractive index variation can be considered negligible, giving instead an

effective influence on the nucleation of Ag NPs successively grown by d.c. sputtering.
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Figure 4. (a) Calculated EM near-field intensity spectra (normalized to the intensity
maximum) within the nanogap of a couple of dimers (sphere diameter = 12 nm and gap =5
nm and sphere diameter = 18 nm and gap = 2 nm respectively).(b,c) Near-field intensity

distribution at the resonance wavelength for the two dimers.

Scanning electron microscope was used to investigate the effect of the sputtering current on

silver NPs size and surface density. FESEM micrographs on the samples subjected to the



lowest (20 mA) and the highest (40 mA) sputtering current are reported in Figure 5 a) and b)
respectively.

The FESEM images were analyzed using a homemade MATLAB routine to obtain the distribution
of nanoparticles size and gaps between neighboring nanoparticles.®* The increase of sputtering current
leads to an increment in the number of ionized argon atoms, increasing the in-flight sputtered silver
atom density in the deposition flux. The effect of this phenomenon is shown in Figures 5a,b where
the results of images analysis are reported: at low current (20 mA), the nanoparticles are nucleating
and growing starting a coalescence process between neighboring small particles which yields a
bimodal distribution size; at higher current (40 mA), the nanoparticles increase their average size and
size distribution, in particular, the coalescence process reduce their density and the average gap
between them.®* This is in agreement with the spectral shift of the plasmon dips experimentally found
in samples synthesized with different sputtering current, taking into account the results yielded by the

modelled Ag dimers previously discussed.
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Figure 5. FESEM micrographs Ag nanoparticles obtained by sputtering at 20 mA (a) and
40 mA (b). Distributions of nanoparticles size and gaps between neighbouring nanoparticles
are also shown. The size distributions were fitted with 2 Gaussian curve emphasizing the
partial bimodal distribution at 20mA (a), ascribed to a first-stage of coalescence processes,

while at 40 mA a more uniform distribution was obtained (b).

In this context it is necessary to recall how the nanoparticles deposition on solid surfaces does not
only depend on the sputtering conditions. Nanoparticles with different sizes and shapes can be
obtained by sputtering a metal onto different surfaces from the surface chemistry and morphology
point of view..33 For this reason the kinetics of metal nanoparticle nucleation on the substrate has a
crucial role on the structuration of the as-sputtered material. At the beginning of sputtering deposition
of metal onto polymeric surface, a gradient metal diffusion layer within the molecular film can be
present at the metal/organic interface.[ J. Phys. Chem. Lett., 2013, 4, 3170]. After that adatoms
coming from the gas phase are adsorbed onto the solid surface and they can follow three main growth
mechanisms.® The first one, Frank van der Merwe mode, involves a layer-by-layer growth of mono-
adlayers. The second growth is known as VVolmer-Weber mode, consist of 3-D adatom clustering on
the substrate. The last one, Stranski-Krastanov growth, involvesa combination of the previous models
resulting in alternated adlayers formation and 3-D clustering.®®

The most influencing factor of the growth mechanism occurrence is the adatom migration on the
surface: after the adatom absorption, they can migrate forming stable nucleus with near neighbors on

the surface. as- Ultra small islands

start to appear randomly on the surface and one of the growing modes will be followed in order to
minimize their energy.

In our case, the elastomer surface influences the metal film morphology in the initial growth stage:
as stated before, the red shift of the plasmonic dip observed in the optical transmittance spectra is

directly related to increased Ag NP dimension (and the consequent decrease of the inter-particle gap).



We can suppose that increasing the mixing ratio the evolution of the surface properties (investigated
by FTIR analysis) cause a faster diffusion of silver adatom on the PDMS surface. This hypothesis of
diffusion difference could be mainly ascribed to the metal-elastomer interaction which strongly
depends on the tunable chemistry, stiffness, and surface properties of the PDMS as discussed above
(see Figure 1). Actually, we have previously observed that the surface energy of PDMS decreases by
increasing the mixing ratio®® while the Young’s modulus behave in opposite direction.?

Direct evidences that the adatoms diffusivity influence the growth mode and the nanostructure
formation has been published by Ruffino et al.[Appl Phys A, 2011, 103, 939]. In their work the
authors evaluate the room temperature surface diffusion coefficient of Au on PS and on PMMA and
directly correlate them to the Au work of adhesion on the two different polymers. Their results
demonstrate that the Au atom diffusivity is higher on the substrate exhibiting the lower adhesion
energy.

Taking into account the above mentioned studies, we evaluated the Ag work of adhesion on PDMS
with different mixing ratio. Surface energies of silver and PDMS were calculated exploiting the Wu
model [20] starting from the contact angle of both water and diiodomethane. Polar and dispersive
components of the surface energies were used to estimate the work of adhesion by a harmonic mean
as described in the supporting information. The results (collected in Figure S2) show a monotonic
decrease of the adhesion energy by increasing the mixing ratio. Such a behavior does support the
above discussed hypothesis. In particular, the increase of the mixing ratio leads to a faster diffusion
of silver adatom on the elastomer surface and a consequent enlargement of the Ag nanoparticle sizes,

as verified by the red shift of the plasmonic dip observed in the optical transmittance spectra.
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Figure 6. Transmittance spectra of PDMS membrane coated with Ag nanoparticles by
sputtering deposition (mixing ratio 5:1 and deposition current equal to 30 mA) before and

after two consecutive scotch tests.

A simple qualitative test, well known as the ‘scotch tape test’, was used to examine the
adhesion of the Ag nanoparticles to PDMS. Pieces of adhesive tape were firmly placed on the
Ag/PDMS surface and a pressure of 22 kPa (about 500 g of weight place onto the sample)
was then applied for 1 min. A glass slide was used between the adhesive tapes and the weight
in order to apply uniform pressure on the adhesive tapes and PDMS. When the adhesive tapes
were released from PDMS, a fraction of the Ag nanoparticles could be transferred to the
adhesive tapes depending on the adhesion of the Ag NPs to PDMS.

The optical analysis of the surface (transmittance spectra reported in Figure 6) indicated that
there was not removal of the film after the scotch tests evidencing a good adhesion of the
sputtered NPs onto PDMS. This finding have enormous importance if the metal-elastomeric
nanostructure was used as an active substrate hosting a liquid analytes to be detected by
enhanced Raman or fluorescence spectroscopy.®’

The wettability of the samples was investigated by contact angle (CA) measurements (Figure 7). The
measured H,O CA, related to the bare PDMS samples, slightly increase (average values: 112° -

116°) according to the increase of oligomer/cross-linker ratio as previously reported.? This effect is



due to the increasing contribution of the oligomer unreacted fragments for the PDMS high ratio

composition (see Figure 1).
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Figure 7. Water contact angle values of PDMS membrane coated with Ag nanoparticles by
sputtering deposition varying the PDMS mixing ratio and the sputtering current at a fixed
deposition time of 5 seconds. The insets show, for each PDMS composition, the water drop

on PDMS uncoated and coated by 40 mA sputtering current deposition.

For the silver-coated PDMS samples, according to the increase of sputtering current intensity,
the growing coverage of Ag nanoparticles increase the surface hydrophilicity for each studied
composition,?3® due to progressive decreased contribution of hydrophobic PDMS polymeric

chains exposed at the surface.



The wettability of the elastomeric substrates were strongly affected by the sputtering current
with adecrease of the H,O CA of about 10% for each composition with respect to the uncoated
samples and a maximum decrease of 13% obtained for the mixing ratio equal to 10:1.

This average CA trend can be directly correlated to the diminishing of the bare PDMS portion
exposed to H,O contact, that is, to the increase of Ag coverage. This amount can be quantified
through the filling fraction calculation, i.e. the percentage of sample surface covered by Ag
particles, based on the FESEM images (Figure 5a and b): 0.299, 0.435, 0.470 for 20, 30, 40
mA of sputtering current, respectively. The observed hydrophilization effect is supported by
the study of Feng and Zhao, through CA analysis and wetting modelling, on a PDMS surface
modified by sputtered Au nanostructures.??

The high variability (high standard deviation) of measured CA values does not allow an in-
depth analysis of the correlation between morphology of growing Ag nanoparticles with
respect to the four tested PDMS compositional ratios.

The most reproducible CA were obtained for 10:1 and 20:1 composition at 20mA of sputtering
current, where the ratio between the two kind of polymer base components with respect to the
Ag coating represent the best compromise in terms of contributions to surface wettability.
This suggests that a controllable and reproducible process could be selected.

Finally, the morphology of PDMS surface have been characterized after the deposition of a
metal film. Previous study®® exploiting metal film deposition on elastomer revealed a wavy
surface. These complex out-of-plane structures are induced by the heat generated during the
deposition and subsequent cooling down of PDMS to room temperature: silicone shrinkage

created a compressive stress in the metallic thin film, causing it to buckle out-of-plane.



Figure 6. Optical microscope images (100 X magnification) of 100 nm Pt-coated PDMS

surfaces at different mixing ratio (oligomer:crosslinker): 3:1, 5:1, 10:1, 20:1.

In order to check the effect of PDMS mixing ratio on its surface corrugation a thin Pt film was
deposited on the top of PDMS surface to allow an optical characterization. By varying the
mixing ratio the morphology did not seem to be dependent on the curing agent concentration:
the wrinkles are very similar for all the samples under investigation as shown in Figure 8.
Therefore it is possible to exclude the mixing ratio dependence of PDMS surface corrugation

on the observed wettability and optical behaviours just related to the elastomeric matrix.

CONCLUSIONS

Herein, the properties of PDMS membranes synthesized with different mixing ratio decorated
by Ag nanoparticles via d.c. sputtering was presented and critically discussed. The wettability
of the elastomeric substrate was strongly affected by the sputtering current with a decrease of
the water contact angle of about 10% for each composition with respect to the uncoated
samples. The optical response of the Ag coated PDMS substrates were investigated showing
interesting tunable transmittance spectra characterized by plasmonic dips subjected to a

spectral red-shift by increasing both the mixing ratio and the sputtering current from 430 nm



up to 510 nm due to the modified Ag nanoparticles morphology, as corroborated by FEM
calculations.

Considering the broad spectrum of employ of PDMS, such hybrid substrates can find
application in various fields ranging from flexible tunable plasmonic substrates for SERS or
metal enhanced fluorescence to microfluidic devices where could be required a tunable

wettability.
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