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Gold Layers on Elastomers near the Critical Stress Regime

Bekim Osmani, Hans Deyhle, Tino Topper, Thomas Pfohl, and Bert Miiller*

Soft electrodes are essential components of soft robotics, tunable optics,
microfluidics, flexible electronics, neuroprosthetics, and dielectric elastomeric
transducers (DET). The two main paths employed to increase an electrode’s
compliance involve the manipulation of either its intrinsic material properties
or its structural features, such as the introduction of wrinkles, which arise
above the critical stress of metal films on elastomeric substrates. Herein, this
study demonstrates that the interplay between functionalized oxygen-plasma-
treated polydimethylsiloxane (PDMS) films and sputter-deposited metal
electrodes allows for conserving compressive stress within the electrode.
Insulator—metal transition already occurs for 10 nm thin Au electrodes, and
below this electrode thickness, atomic force microscopy nanoindentations
with sub-micrometer resolutions reveal no stiffening of the Au/PDMS hetero-
structure. These DETs exhibit reduced electrocreasing, which is a significant
contributor to structural failure, while their enhanced dielectric breakdown
field of up to 120 V um~" enables calculated strains above 10% — a crucial
requirement for thin-film DETs such as those used for artificial muscles.

1. Introduction

Recently, dielectric elastomer transducers (DET), also known
as artificial muscles, have attracted broad interest, due to their
versatile applicability as dielectric elastomer actuators (DEA),
sensors, selfsensing actuators, and electric generators.['>] They
are essential building blocks for applications in medicine,
soft robotics, microfluidics, and flexible optoelectronics./*¢-l
Very recently, Poulin et al. presented a fully printed 3 um thin
DEA, in which the operating voltage could be reduced from the
kilovolt range to some hundreds of volts.”! For future medical
implants, however, nanometer-thin DEAs are required, as
they can operate at physiologically acceptable voltages below
12 V.'011] Generally, planar DEAs are sandwich structures in
which, for example, polydimethylsiloxane (PDMS) as an elasto-
meric film is embedded between soft electrodes and transduces
electrical energy into mechanical work, as electrostatic pressure
drives the elastomer to expand laterally by tens of percent.[!213]
A major goal is the development of nanometer-thin flexible and
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stretchable electrodes for a few micro-
meter- or sub-micrometer-thin DEAs.
Many materials and related fabrication
and characterization methods have been
proposed for electrodes, including carbon
powder, metallic thin films, or the implan-
tation of metal nanoclusters.'*18 Another
approach to stretchable electronics,
presented by Hirsch et al., is based on
biphasic AuGa,/Ga solid-liquid thin
metal films. However, rigid 60 nm sput-
tered Au metallization is still required,™!
which significantly stiffens the overall
thin-film DEA.*2% A related challenge
is the low adhesion of Au to PDMS,P!
which can be improved via Cr or Ti layers
but also increases the overall stiffness.??
Atmaja et al. have shown that (3-mer-
captopropyl)trimethoxysilane ~ (MPTMS)
can be used as a molecular adhesive to
transfer atomically flat Au films to PDMS
surfaces.’’l In addition, Mahapatro et al.
have demonstrated that deposited Au on a self-assembled
monolayer of MPTMS on an oxidized Si substrate has a root-
mean-square surface roughness in the sub-nanometer scale.*
MPTMS is a bifunctional molecule, its thiol head (—SH) binds
to Au and the three methoxy (—OCHj;) functional groups bind
to hydroxy PDMS (—OH) surfaces, which can be introduced
by oxygen plasma or ultraviolet/ozone treatments.?") Oxygen
plasma forms a silica-like film on top of the PDMS layer,?>-%]
thereby leading to a wrinkled surface, as its thermal expan-
sion coefficient is several orders of magnitude lower com-
pared to that of the underlying bulk PDMS.?8] Wrinkling is a
universal phenomenon exhibited by a compressed film resting
on a flexible substrate. Many approaches have been presented
to control and even delaminate buckling films for enhanced
stretchability.?*3% As reported by Bowden et al., compressive
stress in the SiO, film has to exceed a critical stress for wrinkles
to arise.}132 The critical stress can be described as a function
of the elastic moduli of the upper film and the elastomer
bulk.®3l Hendricks and Lee showed that by incorporating
nanoparticles into the film, they were able to control and even
prevent polymer films from buckling.** Herein, we illustrate
that by depositing Au on MPTMS-functionalized and oxygen-
plasma-treated PDMS (PDMS-O,) films near the critical stress
regime, we can conserve compressive stress and fabricate flat
or wrinkled Au electrodes with a negligible stiffness increase
in the overall Au/PDMS heterostructure. Using this technique,
we have fabricated DEAs on polyethylene naphthalate (PEN)
substrates and quantified actuation by using an in-house-built
optical beam deflection device with applicable electrical fields
up to 120 V um .13
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1.1. Fabrication of Compressed Au Electrodes on a Wrinkled
PDMS Film

The wrinkling and buckling phenomena of films on elasto-
meric substrates are well understood.?2333¢] Compressive or
buckling stress Ocomp can be generated mechanically or ther-
mally, as outlined in Equation (1)

o _ Ef (as _af)(Tdep _Tmom) (1)
o 64 (1-v7)

The thermal expansion coefficient of the bulk PDMS ¢y is
usually several orders of magnitude larger than that of a metallic-
or a silica-like film o4 The deposition of the metallic film as well
as the plasma treatment of the PDMS substrate takes place at an
elevated temperature Ty, so the film may undergo buckling as
the structure cools down to T,,,, in order to release compressive
stress. It is reported that the film only wrinkles if the compres-
sive stress is greater than a critical stress O, which is described
as a function of the elastic moduli E; ¢ and the Poisson’s ratios
v, ¢ of the substrate and the film,313% respectively

2 B
| — 2B 2
64(1-vi)(1-vs)

The orientation of the wrinkles on bulk PDMS is generally
random, but the periodicity A is reported to be proportional to
the metal- or silica-like film height h30-32

A B
Oxygen plasma treatment

Evaporation of Au electrode
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Similar to the deposition of metallic films, during oxygen-
plasma treatment, the PDMS surface is heated while a stiff, sil-
ica-like layer is formed.l?®32l During cooling, stress is released
by forming wrinkle-like structures on top of the elastomer layer.
The thickness of the silica-like layer is estimated on the basis of
the buckling model for a bilayer system. Applying Equation (3)
to selected PDMS films with Young’s moduli of (1.0 £ 0.1) and
(0.2 £ 0.1) MPa, the periodicities of the wrinkle patterns cor-
respond to 2.6 and 4.5 pum, respectively. Assuming an elastic
modulus for the silica-like layer of 1.5 GPa, as suggested by
Béfahy et al.,’”! one finds a layer thickness of about 50 nm.
Transmission electron microscopy (TEM) images of Béfahy et
al.B”l show that the thickness of the silica-like layer can be con-
trolled adjusting the plasma power and treatment time.

We show in Figure 1A the reformation of a thermally cured,
plasma-treated PDMS layer (PDMS-O,) with prominent wrin-
kles. The periodicity of the wrinkles was found to be A =
(2.0 £ 0.1) um, using a 2D Fast Fourier Transform (2D FFT)
analysis of the related atomic force microscopy (AFM) image.
No preferential orientation of the wrinkles could be observed.
The evaporation of a 30 nm thin Au electrode inside an ultra-
high vacuum (UHV) chamber from a 45 cm-distant effusion
source did not alter the periodicity or amplitude of the wrinkled
pattern (Figure 1B). However, the sputtering of 30 nm thin Au

Sputtering of Au electrode
|

d=45cm

d=5cm
E =Tt
Es
20 ym
I
0 100 200 0 100 200 0 100 200
Height (nm) Height (nm) Height (nm)

Figure 1. Fabrication of compressed Au electrodes on PDMS substrates. A) Schematic representation of PDMS surface modifications, using oxygen-
plasma treatment (400 W, 120 s, 20 sccm oxygen flow). An AFM scan of a 50 X 50 um? region after the oxygen-plasma treatment. The changed topog-
raphy is due to induced stress in the silica-like layer on top of the PDMS layer. The characteristic wrinkles were prominent features with a periodicity
of 2 um and the amplitude of 90 nm. B) Thermal evaporation of 30 nm thin Au at a distance of 45 cm in UHV did not alter the wrinkled structure. C)
Schematic representation of the sputtering process and AFM scan of a 50 x 50 um? region after the sputtering of 30 nm thin Au, where the very top
of the PDMS film is reheated and flattened during the sputter deposition of the Au electrode.
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on the same substrate from a 5 cm-distant Au target flattened
the surface completely (Figure 1C).

1.2. From Wrinkled to Flat Compressed Au/PDMS
Heterostructures

We show in Figure 2 that there is no abrupt change from
wrinkling to nonwrinkling near the critical stress regime. The
wrinkle amplitudes from the height histograms of the AFM

www.advmattechnol.de

PDMS. No preferential orientation of the wrinkles could be
observed. After the subsequent sputtering of 5 nm Au, the wrin-
kles were maintained, cf. Figure 2B. 2D FFT analysis showed
a slightly reduced periodicity of 2 = (1.9 £ 0.1) um, while the
amplitude of the wrinkles was reduced to (33 + 2) nm. For a
7 nm thin Au electrode, as shown in Figure 2C, the wrinkles
almost disappeared. A cross-section revealed very flat wrin-
kles with an average height of (3 £ 1) nm and a periodicity
of A = (2.3 £ 0.1) um. The mapping of the mechanical prop-
erties of the oxygen plasma-treated PDMS and Au/PDMS het

scans were found to be (61 £ 3) nm for the oxygen plasma-treated  erostructures revealed anisotropy on the sub-micrometer scale.
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Figure 2. Evolution of oxygen-plasma-induced wrinkles toward compressed Au electrodes. A) Schematic of the oxygen-plasma-treated PDMS. The
periodicity of the wrinkles was found to be (2.0 + 0.1) um with the average amplitude of (61 £ 3) nm as extracted from the AFM scan shown below.
The bar corresponds to 2 um. A stiffness histogram extracted from 2500 nanoindentations shows one peak at E; = (1.1 £ 0.5) MPa and a second peak
at E; = (2.4 £ 0.5) MPa. The stiffness map with a sub-micrometer resolution identifies that the two peaks found in the histogram correspond to the
softer material in valleys rather than on the hills. B) After the subsequent sputtering of 5 nm Au, the wrinkles were maintained with a slightly reduced
periodicity of (1.9 £ 0.1) um. The amplitude was reduced to (33 £ 2) nm. The related stiffness histogram shows a peak at E3 = (2.1 £ 0.3) MPa and at
E;= (2.7 £ 0.3) MPa. C) For a 7 nm Au electrode, the wrinkles were hardly recognized. The amplitude could not be extracted from the height histo-
gram. Stiffness histograms show only one peak at Es = (2.2 = 0.4) MPa. D) A deposition of 10 nm thin Au flattened the surface completely. Its mean
surface roughness value of about 1 nm was similar to sputtered 10 nm thin Au on native PDMS. The related stiffness histogram shows only one peak

at Eg = (4.5 £ 0.3) MPa.
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Probing of the wrinkled film with the AFM tip for each 200 nm
shows that material in valleys is softer than that on hills. For
the given plasma treatment parameters (RF power 200 W, treat-
ment duration 120 s, oxygen pressure 0.3 mbar), valleys show
an average elastic modulus of E; = (1.1 £ 0.5) MPa compared to
hills with an elastic modulus of E, = (2.4 £ 0.5) MPa. The topo-
logical information required to discriminate between valleys
and hills was extracted from the quasi height nanoindentation
map. One can only speculate on the nature of the measured
micrometer-scale modulations of the elastic modulus. Besides
geometrical phenomena, the thickness modulation of the
silica-like layer, possibly induced by the material transport,38l
is a plausible explanation. The nanoindentation depths were
maximal 200 nm at a silica-like layer thickness of about 50 nm.
The related histograms in Figure 2 show that after the sputter
deposition of Au, compressive stress suppressed the stiff-
ening effect, with E; = (2.1 £ 0.3) MPa, E, = (2.7 £ 0.3) MPa,
and Es = (2.2 £ 0.4) MPa. As the surface was flattened totally,
the additional sputtering of Au increased overall stiffness to
Eg= (4.5 % 0.3) MPa.

1.3. Conservation of Compressive Stress within the Elastomeric
Substrate — A Phenomenological Examination

Wrinkle patterns formed using the same plasma treatment
parameters depend on the elastic modulus E of the PDMS
film and evolve over time, as shown in Figure 3A. For a plasma-
treated PDMS film with Eg =1 MPa, wrinkles before Au deposi-
tion exhibited an amplitude of (90 £ 20) nm and a periodicity of
(2.6 £ 0.2) um. In Figure 3B, we show that compressive stress
in the flattened electrode was maintained, as the subsequent
peeling off of 30 nm sputtered Au electrode with adhesive tape
returned the surface to a wrinkle pattern again. It showed a
periodicity of (1.9 £ 0.1) um and the amplitude of only (52 £ 5)
nm. Compared to the wrinkling pattern before sputtering the
Au electrode, the periodicity and amplitude are reduced by 27%
and 42%, respectively. In addition, one observes a local align-
ment of wrinkles, cf. Figure 3B. We assume that an Au layer of
a few nanometer remained on the PDMS, which was also visu-
ally observed when the sample was tilted against a light source,
showing a golden shimmer. Figure 3C shows a closer look at
the edge of Au/PDMS-O,. In the region around the electrode,
the wrinkles align parallel to each other and perpendicular to
the electrode edge. They remain in this conformation along
100 pm, before returning to a randomly oriented arrangement.
The amplitude of wrinkles rapidly increases in line with dis-
tance away from the electrode edge and reaches its equilibrium
value within tens of micrometer, cf. Figure 3C. The periodicity
of the oriented wrinkles was (2.4 £ 0.2) um. The alignment
of wrinkle patterns on the edges of PDMS surfaces has been
reported by Bowden et al. as being due to stress relaxation at
edges.?Z The presence of nonoriented wrinkle patterns prior
to the sputter deposition of Au indicates that a rearrangement
of the wrinkles occurs during the sputtering process outside
the deposition area. We assume that the heat load during sput-
tering caused the film to expand, and as the structure cooled
down, it gave rise to wrinkles that were aligned with respect to
the electrode edge.
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An in situ study of the Au/MPTMS/SiO,/PDMS hetero-
structure is presented in Figure 4. The extinction coefficient k
and the real part ¢ of the dielectric function are determined
with respect to the Au film thickness in Figure 4B of the ther-
mally evaporated Au on the multilayered PDMS/SiO,/MPTMS
nanostructure, as schematically illustrated in Figure 4A. These
parameters of the dielectric function allow for the detailed inves-
tigation of Au film formation processes and for the quantifica-
tion of the film morphology after deposition.’?! The extinction
coefficient reveals a broad plasmon absorbance band at a wave-
length of 950 nm for Au film thicknesses below 3 nm. This is
accompanied by a negative shift in the real part of the dielectric
function, characteristic of confined electron oscillations on gold
nanoparticles.*) However, at Au film thicknesses above 3 nm,
this absorbance band vanishes while a sharp absorbance peak
occurs at a wavelength around 600 nm. The increased mean
path of electron oscillations for the first Au monolayers can be
accounted by its enhanced adhesion to the MPTMS, thereby
promoting confluent film growth. The sudden blue shift of the
plasmon resonance indicates a pronounced Vollmer—Weber
growth mode toward Au nanoparticles instead of confluent
film formation for Au film thicknesses above 3 nm.’% With
increased Au film thickness, this absorbance peak redshifts
back toward the near infrared of the detected spectrum, thus
indicating the coalescence of Au nanoparticles. The derived
Au film thickness h,, is higher compared to the expected film
thickness, adjusted by the evaporator temperature. This fact
underlines the Vollmer—Weber growth mode.l*)) The derived
growth rate h,,” in Figure 4E asymptotically approaches the
adjusted growth rate d’, exhibiting an insulator-metal transi-
tion (IMT) above a derived Au thickness of (14 £ 2) nm.% The
IMT threshold coincides with a rapid redshift of the absorbance
feature within extinction coefficient spectra for film Au thick-
nesses above 12 nm, indicating the onset of free electron oscil-
lations. Thus, this detected percolation threshold for Au growth
on MPTMS/SiO,/PDMS is well below that of Au growth on
untreated PDMS at 22 nm.’" This is in accordance with the
improved conductivity of Au electrodes on MPTMS/SiO,/
PDMS compared to Au electrodes on untreated PDMS, verified
by a four-point probe measurement.?l The sharp absorbance
feature around a wavelength of 400 nm is related to scattering
on the surface’s wrinkled microstructure. The negligible shift
of this absorbance indicates stable wrinkled morphology during
Au deposition.

1.4. Long-Term Stability of Compressed Au Electrodes

In Figure 5, we compare AFM topography scans of a sput-
tered 30 nm thin Au electrode on the native PDMS and on
the MPTMS/SiO,/PDMS surfaces. The calculated root-mean-
square roughness value for a 2 X 2 um? area was found to be
(1.5 £ 0.2) nm for the sputtered 30 nm Au electrode on native
PDMS, whereas the same Au electrode on MPTMS/SiO,/
PDMS showed a value of (0.5 £ 0.1) nm. Long-term obser-
vations show that the poor adhesion of the initially flat Au
electrode on native PDMS leads to the formation of Au nano-
clusters with dome-like structures having an average diameter
of 100 nm and a height up to 50 nm. In addition, DEAs with

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Relaxation of a compressed Au electrode on an elastomeric substrate to a wrinkled pattern after peeling off the Au electrode. A) Reformation
of the PDMS surface, with Es; = (1.0 £ 0.1) MPa and Es, = (0.2 £ 0.1) MPa after oxygen-plasma treatment. Reformation is finished much faster for the
softer PDMS with Es,. B) The prestressed structure with a 30 nm Au on top of a wrinkled surface went back to a wrinkled structure again after peeling
off the thin Au layer. C) An AFM scan at step Au/PDMS-O, electrode. The wrinkles were aligned parallel to each other and perpendicular to the Au
electrode edge. This conformation is found for a region of about 100 um. Profile cuts with locations indicated by the colored arrowheads show that the
wrinkle amplitude rapidly increases in line with distance to the electrode edge, which implies that the wrinkles are flattened and not filled with Au, due
to material transport phenomena. Insulator-to-metal transition of Au on a compressed and MPTMS-functionalized PDMS-O, surface.

compressed Au electrodes were still ready for operation after a  The asymmetric cantilevers consisted of 8 um thin DEAs
(15 nm Au/8 um PDMS/15 nm Au) deposited on 50 pm thick

PEN substrates. The application of a voltage generated elec-
trostatic pressure that was translated to an in-plane expansion
1.5. Fabrication and Actuation of DEAs with Compressed of the DEA. The torque of this asymmetric actuation bent the
Au Electrodes PEN cantilever. The real-time response of the curvature kq in
Figure 6C corresponded well to the predicted model with the

Substrate-based thin-film DEAs, using MPTMS as an inter- square dependence to the applied voltage U
face between PDMS-O, and an Au electrode, were fabricated

as shown in Figure 6A. The actuation of the DEA was meas- 1 .,
ured by detecting the curvature k, of the underlying PEN can- ko= R =U
tilever as a function of the applied voltage U, using an optical

beam deflection technique, cf. Figure 6B. This technique per- ~ where thickness h;, and permittivity &, are parameters of the
mits the measurement of actuation forces in dielectric elas- PDMS membrane, and thickness h,, the elastic modulus E,
tomeric transducers with elastomer layers as thin as 1 um.?®  and Poisson’s ratio v, are parameters of the PEN substrate. The

period of nine months.

6£0€, (1-v,) (h, +h) 4
Eh,hi
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Figure 4. Insulator-to-metal transition for thermally evaporated Au on MPTMS/SiO,. A) Schematic description of the stacked nanostructures. B) The
evolution of the extinction coefficient k and the real part € of the dielectric function with respect to Au film thickness on a wrinkled MPTMS/SiO,/
PDMS surface. The color code for the extinction coefficient k and the real part € of the dielectric function is displayed logarithmically and linearly,
respectively. C) AFM scan of the evaporated Au electrode. D) The ellipsometry-derived Au film thickness hy, at representative time points for Au growth
on the wrinkled MPTMS/SiO,/PDMS surface. The dotted line represents the mean Au thickness adjusted by the evaporator temperature at 1653 K.
E) Ellipsometry-derived growth rates h,,” of Au with respect to the derived Au thickness hy,,. The expected mean growth rate for an evaporation tem-

perature of T=1653 K is marked as a dashed line.

applied electrical field perpendicular to the PDMS layer was
120 V um™! with leakage currents below the detection limit of
10 pA. This value is 50% higher than in previous reports for
the same PDMS.B35#1 The results are consistent with recently
performed simulations, which show that the surface tension
increase leads to a significant improvement of the critical elec-
trical field for instabilities to occur in constrained dielectric
elastomer films.[*2

2. Conclusions

We have demonstrated an innovative approach to realize soft
Au electrodes on silicone substrates. Our results, combining
topological and mechanical film properties, shed light on the
formation and reformation of wrinkles associated with the
intrinsic compression of metal films. More generally, the inter-
play between a metal electrode and an elastomer substrate
allows for tuning local morphology and related mechanics.

Adv. Mater. Technol. 2017, 1700105
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Especially important is the ability to suppress the stiffness
impact of the thin metal electrode on the entire sandwich nano-
structure. Once the electrode has a thickness at which wrin-
kles disappear, maximal compliance is reached. Ultrathin-film
dielectric elastomer transducers, which can be operated at low
voltages, require such intrinsic-compressed, soft electrodes.
Especially for dielectric elastomer actuators with thousands of
nanometer-thin layers, this approach to suppress any rise in
stiffness is productive.

3. Experimental Section

Preparation of the DEA Structures: PDMS (Dow Corning 184 Silicone
Elastomer Kit, Dow Corning Europe S.A, Belgium) was prepared by
mixing the prepolymer (component A) and the crosslinker (component
B) at a volume ratio of 10:1, degassing for a period of 30 min, and then
spin-coating on a 2 in. Si wafer at a rotation speed of 6000 rpm for a
period of 120 s. The PDMS films were thermally cured at a temperature
of 75 °C for a period of 24 h. For the in situ ellipsometry measurements

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. ULong-term stability of compressed Au electrodes. AFM scans
of 30 nm thin sputtered Au electrodes. The Au electrode on native PDMS
shows the characteristic morphology related to Au clusters, whereas the
compressed Au electrode is flat with a roughness of 0.5 nm. The forma-
tion of Au nanoclusters on PDMS after nine months’ storage in air at
room temperature is suppressed for the compressed Au electrode.

in Figure 4, vinyl-terminated PDMS DMS-VO5 (Gelest Inc., Morrisville,
PA, USA) was evaporated at a temperature of (160 + 5) °C and
deposited on a 2 in. Si wafer inside a UHV chamber at a base pressure
of 1077 mbar, using low-temperature effusion sources (NTEZ, Dr. Eberl
MBE Komponenten GmbH, Weil der Stadt, Germany) with a 25 cm?
crucible. Crucible temperature was well below the temperature required
to thermally degrade vinyl end groups.i*}l The Si wafer was mounted at
a distance of 400 mm away from the crucibles. The plasma treatments
were performed on a 40 kHz RF system (PICO System, Diener
Electronics, Ebhausen, Germany). The chamber was floated with
oxygen at a flow rate of 20 sccm (Carbagas AG, Giimligen, Switzerland),
keeping the partial pressure constant at 0.3 mbar. MPTMS of a purity
>94.5% (Sigma-Aldrich, Switzerland, CAS Number: 4420-74-0, formula:
CgH1603SSi, formula weight: 196.34 g mol™") was deposited on the
hydroxyl PDMS surface by floating the vacuum chamber at 0.1 mbar for
a period of 60 min. Excess MPTMS was removed by putting the sample
in an ethyl acetate bath (Merck KGaA, Darmstadt, Germany). The Au
electrodes (Lesker, East Sussex, UK) were sputtered using a DC sputter

Adv. Mater. Technol. 2017, 1700105
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Figure 6. Actuation characteristics of bending DEA cantilever structures
with compressed electrodes. A) Preparation of the DEA/PEN cantilever
with a free-hanging area of 4 x 12 mm?2. B) Schematic illustration of
the optical beam deflection method. For small deflections, curvature k
can be calculated from the displacement of the laser beam on the PSD.
C) Real-time response of the actuation up to an applied electrical field of
120 V um'. The model originates from Equation (4). Detail C1 shows
a selfclearance effect occurring at 53 V um~', where the DEA structure
recovered after a short breakdown due to defects in the dielectric layer.

coater (SCD040, Balzers Union, Liechtenstein) at a discharge current of
15 mA. The sputter chamber was floated with Ar, and the pressure was
kept at 0.05 mbar (Carbagas AG, Giimligen, Switzerland). The thickness
of the Au electrodes was monitored using a quartz crystal microbalance
(QSG 301, Balzers Union, Liechtenstein). The actuation measurements
of DEAs were performed using a high-voltage supply (Stanford Research
System PS310, GMP SA, Lausanne, Switzerland) with a current
resolution of 10 pA.

AFM Imaging and Nanoindentation: AFM images were acquired by
raster scanning the region of interest with a soft AFM probe (Tap190AI-G
probe, NanoAndMore GmbH, Wetzlar, Germany) in tapping mode
(FlexAFM C3000, Nanosurf AG, Liestal, Switzerland). The raw data were
leveled by subtracting a mean plane and a polynomial background of
second degree. Root-mean-square roughness values were calculated
using the open source software for SPM data analysis, Gwyddion,
Version 2.41. AFM nanoindentation measurements using a spherical
tip with a radius of (522 + 4) nm (B500FMR, Nanotools GmbH,
Germany) were carried out to assess the mechanical properties of the
soft heterostructures. Areas of 10 x 10 um? were partitioned into 2500
domains, each serving as a nanoindentation site. The elastic modulus
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at each site was calculated from the related force-distance curve by
means of the Hertz contact model, as implemented in the FLEX-ANA
software (Automated Nanomechanical Analysis, Nanosurf AG, Liestal,
Switzerland). Substrate effects could be ignored, since the indentation
depths were well below 500 nm.

Real-Time Spectroscopic Ellipsometry: To extract the optical properties
of the nanostructures formation in situ, a spectroscopic ellipsometer
(SE801, Sentech, Berlin, Germany) with SpectraRay3 software was
utilized. The ellipsometric ¥ and A values from light with wavelengths
ranging from 190 to 1050 nm were monitored at a frequency of 0.5 Hz
at an incident angle of 70° to the normal of the substrate’s surface. The
4 mm diameter of the incident beam led to a 4 x 10 mm? spot area on
the substrate. The obtained ¥ and A values were related to the complex
Fresnel reflection coefficients r, and r; of p- and s-polarized light and
their ratio p by

p:%:e’mtan‘}’ (5)

Based on the obtained Fresnel reflection coefficient ratio, it was
possible to extract the wavelength-dependent dielectric function g(A)

()= (") +i{e”y = (A2 =[(ny+i(k)]’
2
=eosinwof[utan(wo)z(};—”) ] )

with an angle of incidence @, vacuum permittivity & = 1, and n(A) the
real and k(A) the imaginary parts of the refractive index, respectively.
The dielectric function of the evaporated PDMS was modeled with the
Tauc—Lorentz dispersion formula.*l To model the dielectric function
of Au, a combination of two dispersion types was applied, named the
“Drude—Lorentz oscillator model”. Here, the Drude oscillator described
the absorption of free-charge carriers, assuming that they acted in phase
in response to the applied electrical field, while the Lorentz oscillator
effectively modeled electrons bound to a positive core.*] For the
assessment of the model, the mean square error of the model fit and the
experimentally measured WM and AMo4eP were calculated as

2 2
N d exp mod exp
1 Wyl — AT — A}
MSE:N 2 [ exp : ] +( : exp J (7)

i=1 P, O

with the random and systematic error o®*.
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