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Herein, we present organic molecular beam deposition to fabricate (sub-)micrometer-thin polydimethylsiloxane
(PDMS) substrate-fixed films with a thickness homogeneity better than 2% on square centimeters. Their surface
roughness and wrinkle morphology is controlled by the evaporation temperature, the growth rate, and the
ultraviolet-light irradiation. The tailoring of the elastic modulus for the selected vinyl-functionalized PDMS
nano-membranes is demonstrated. Both the surface morphology and mechanics are key parameters, which cru-
cially determine the tissue-to-implant interactions for applications in bioelectronics. The cross-linked PDMS
nano-membranes with elastic moduli of only a few hundred kPa are realized - a compliance similar to human
soft tissues. The in situ characterization of their mechanical properties is presented based on their temperature
sensitivity by spectroscopic ellipsometry and correlated to subsequently performed nano-indentation using a so-
phisticated atomic force microscopy instrument. Such soft sub-micrometer-thin elastomer membranes will be-
come an essential component of dielectric elastomer transducers with strains comparable to human muscles,

Atomic force microscopy-based nano-

operated at the conventional battery voltages for future artificial muscles or skin implants.

indentation © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction determine the elastic properties of the PDMS films. Three-dimensionally

Flexible and foldable hetero-nanostructures based on silicone-based
polymer materials provide access to nano-photonics [1,2], plasmonic
biosensors [3], soft electronics [4-6] and dielectric elastomer nano-
transducers (DET) [7]. Furthermore, their operation as bi-functional
and self-sensing actuators is of relevance in flow control [8] or
microfluidic devices [9]. As perspective low-voltage DET in medical appli-
cations, the reduction of the film thickness to the sub-micrometer range
[7] or the use of high-permittivity polymers is required [10]. The
nanometer-thin polymer and metal films can be fabricated using molec-
ular beam deposition (MBD) - a versatile technique that leads reliably to
homogeneous films with well-defined thickness [2,11,12]. In situ spectro-
scopic ellipsometry (SE) serves for the monitoring of the surface mor-
phology of the growing film with sub-nanometer precision [2,13].
Because of its biocompatibility and the elastic properties, which can be
very similar to human tissue [14], polydimethylsiloxane (PDMS) is used
for a wide variety of medical implants [15]. The cross-linking of single
PDMS chains is often achieved via ultraviolet light (UV) irradiation [7,16].

In the present study, we tailor the morphology of the (sub-)microm-
eter-thin PDMS films and manufacture dedicated wrinkles controlling the
deposition rate and UV-irradiation. Moreover, the overall surface rough-
ness of these films is influenced by the temperature in the crucible,
which also determines the molecular weights of the molecules to be
evaporated [11]. The same parameters of the film preparation process
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cross-linked PDMS networks are realized based on vinyl-functionalized
PDMS. Atomic force microscopy (AFM)-based nano-indentation mea-
surements on these (sub-)micrometer-thin membranes reveal an elastic
modulus well below 1 MPa, a milestone to reach the elasticity of human
soft tissues [14,17]. The nanometer precision of SE enables to resolve the
temperature sensitivity of organic thin films to determine the thermal ex-
pansion coefficient (TEC) [18,19]. Correlated to the mechanical properties
determined by AFM nano-indentations, we present the capability of SE to
extract macroscopic elastic properties of the fabricated thin polydimeth-
ylsiloxane based on the generalized Eo [2] relation.

The thickness homogeneity of soft polymer nano-membranes is es-
sential to reliably operate low-voltage dielectric elastomer nano-
transducers at strains as high as 10% while preventing an electrical
breakdown [20]. As a medical implant, the device can operate as sensor,
actuator, and energy harvester or any combination [7]. Therefore, the
question arises how to control both the morphology of polymer mem-
branes and their mechanical properties. We demonstrate that spectro-
scopic ellipsometry is a powerful technique to on line monitor the film
thickness, the surface morphology as well as the elastic and thermal
properties of the growing (sub-)micrometer-thin PDMS layers.

2. Materials and methods
2.1. Materials

The vinyl-terminated PDMS, i.e. DMS-V21 (Gelest Inc., Morrisville,
PA, USA), was utilized as supplied. The average molecular weight was

0167-9317/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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found to be 6000 g/mol with a polydispersity of 1.9 [11]. Two-inch Si
(100)-wafers (SIEGERT WAFER GmbH, Aachen, Germany) with a thick-
ness of (279 + 25) um were used as substrates. They are single-side
polished and doped with boron.

2.2. Fabrication of (sub-)micrometer-thin PDMS films

The vacuum system consists of an ultra-high vacuum chamber
(Vacom GmbH, Jena, Germany) with multiple evaporation sources.
The base pressure of 10~° mbar is realized by a pre-pump (Pfeiffer
Duo Line, Pfeiffer, Asslar, Germany) and a turbo molecular pump
(Turbo WAC MAG W600, Oerlikon Leybold Vacuum, Kéln, Germany).
DMS-V21 is thermally evaporated under vacuum conditions at a back-
ground pressure of 10~ mbar from a low-temperature effusion cell
(NTEZ, Dr. Eberl MBE Komponenten GmbH, Weil der Stadt, Germany)
using a 25 cm? crucible. The temperature ramp of the effusion cell was
adjusted to 1072 K/s to avoid boiling retardation. The Si-substrate was
held to a constant temperature of 293 K and set to a distance of
400 mm to the crucible. The rotation of the substrate was deactivated.
The cross-linking of the vinyl-terminated DMS-V21 was promoted by
in situ ultra-violet (UV) light irradiation from an externally mounted
deuterium lamp (H2D2 light source L11798, Hamamatsu, Japan)
through a CaF,-window. The UV spectrum of the deuterium lamp ex-
hibits a peak intensity at a wavelength of approximately 190 nm. The
preferential pathway of vinyl-group radicalization is accompanied by
methyl side group radicalization via UV irradiation for wavelengths
below 170 nm. C—H and even Si—C bonds are radicalized and form
linking sites for the three-dimensional cross-linking between the
PDMS chains [7,21].

2.3. Spectroscopic ellipsometry

In order to monitor the changes of the optical properties and the in-
creasing film thickness of the growing polymer, a spectroscopic
ellipsometer (SE801, Sentech, Berlin, Germany) with SpectraRay3 soft-
ware was applied. The spectroscopy-relevant angles ¥ and A were
monitored for wavelengths between 190 and 1050 nm at an incident
angle of 70° to the normal of the substrate's surface. The incident photon
beam 4 mm in diameter resulted in a 4 x 10 mm? spot on the substrate,
for which the average values were detected. The obtained ¥- and A-
values are related to the complex Fresnel reflection coefficients r, and
15 of p- and s-polarized light and their ratio p by.

p=ry/rs = tany - e (1)

Based on the derived Fresnel reflection coefficient ratio it is possible
to extract the wavelength-dependent dielectric function €(\) [13] of the
growing PDMS films modeled with the Tauc-Lorentz (TL) dispersion
[13]. A Bruggeman effective medium model [13] (EMA) served for the
determination of the surface roughness. This layer is considered to
have an effective dielectric or optical property deduced from equal frac-
tional parts of deposited PDMS with refractive index n; and n, of the air,
cf. Eq. (2):

n? —n2

0=l fin = 2

2 2
ng + 2ng

The EMA is applicable, if two key assumptions are fulfilled. First, the
features on the surface are smaller than the minimum wavelength to ig-
nore light scattering. Second, the dielectric function is independent on
the changes of the size and the shape of the features during growth.
For data evaluation the void fraction was set to 0.5 [13]. For most of
the thermally evaporated PDMS membranes, these assumptions can
be regarded as fulfilled. For the membranes with a mean surface rough-
ness above 10 nm, however, the TL-model can serve to simulate the
scattering and leads to enhanced data conformity.

The mean square error (MSE), as the divergence of the obtained
model fit to the acquired data, was calculated. The MSE is defined ac-
cording to the figure of merit as

1 N mod —Lll.exP Amod _ Agxp
MSE = NJ Zi:l { ( l O_j‘xp : + — O_E,XP : (3)
i i

with the random and systematic error o.

2.4. Atomic force microscopy

The surface topology of the thermally evaporated films was ex situ
scanned using atomic force microscopy (FlexAFM C3000, Nanosurf AG,
Switzerland). AFM scans were performed in tapping mode using a soft
and long cantilever with a tip radius smaller than 10 nm (Tap190AI-G
probe, NanoAndMore GmbH, Wetzlar, Germany) to minimize the defor-
mation of the polymer membrane. 10 x 10 um?-regions of interest were
scanned at a vibration amplitude of 424 nm and a set point of 60%. The
root-mean-squares values were calculated using Gwyddion 2.41 soft-
ware (Gwyddion: Open-source software for SPM data analysis, http://
gwyddion.net). AFM nano-indentations were applied using cantilevers
with spherical tips (R = (522 + 4) nm, B500 FMR, Nanotools GmbH,
Germany). The nominal spring constant of the cantilever, k = 2.6 Nm,
was determined using the Sader method [22] and was found to be k
= (2.6 + 0.2) N/m. 400 nano-indentations on 10 x 10 um? served for
the calculation of the average elastic modulus. The elastic modulus of
the membrane is related to the slope of the unloading force curve,
which was fitted for each nano-indentation site along the entire back-
ward indentation curve. The applied Johnson-Kendall-Roberts (JKR)
model is implemented in the FLEXANA software (Nanosurf AG,
Switzerland). This model takes into account the adhesion forces of the
cantilever tip and the PDMS surface [23] and thus, is recommend as ad-
equate contact model for soft and thin PDMS membranes [20,24].

3. Results
3.1. Surface morphology

Exemplarily, Fig. 1 shows the AFM images of the surface morphology
for selected films with the thickness indicated. They were prepared by
thermal evaporation during UV-irradiation. The valley-to-peak height
difference increases from (3.6 4 0.1) nm via (10.5 £+ 0.2) nm to (82.5
=+ 0.5) nm with the film thickness d. This result corresponds to an over-
all increase in root-mean-square (RMS) roughness on the 10 x 10 um?-
areas from (0.5 4+ 0.2) nm via (2.7 £+ 04) nm to (11.6 & 1.0) nm.

The impact of the growth rate on the surface structure is presented
in the images of Fig. 2. The valley-to-peak height difference is found to
be (9.2 + 0.2), (17.5 4+ 0.4) and (17.9 + 0.5) nm for films grown at
rates of 0.291, 0.163 and 0.073 um/h, respectively. These values corre-
spond to an increase in RMS roughness of (2.7 + 0.4) nm to (6.0 +
0.5) nm, see Fig. 2a/b. The further reduction of the growth rate to
0.073 um/h does not show any significant roughness change, as the
RMS roughness corresponded to (6.1 & 0.5) nm. This surface, however,
is wrinkled and shows a preferential orientation of the nanometer-size
features, as the Fourier transform in Fig. 2c clearly demonstrates. The
wavelength of these wrinkles corresponds to (195 + 15) nm.

The diagram in Fig. 3a quantitatively displays the RMS roughness of
the membranes as the function of the evaporation temperature using a
dedicated color map from blue to red. A distinct increase of the surface
roughness with film thickness is found for membranes fabricated at
similar growth conditions, see Table 1. The data of membranes shown
in Fig. 1 can be fitted using an exponential function: RMS = (A +
RMSs;) exp.(d/c) + A, cf. dashed line in Fig. 3. The offset of minimal
RMS roughness is given by the surface roughness of the Si-substrate
RMSs; = (0.15 + 0.02) nm. With A = (2.32 + 1.31) nm the growth
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Fig. 1. Surface morphology of (sub-)micrometer-thin PDMS membranes prepared by thermal deposition under high-vacuum conditions and in situ UV light irradiation. The AFM scans
show the characteristic morphology on an area of 10 x 10 um? for PDMS films with thicknesses d of (a) 0.2 um, (b) 0.5 pum, (c) and 1.5 um. The surface roughness increases with the
film thickness under in situ UV-irradiation with a power density of 0.6 yW cm~2 nm™" at a wavelength of 190 nm.

constant ¢ was extracted as (0.89 & 0.21) um~". Table 1 lists the RMS
roughness together with the film thickness, the crucible temperature
and the resulting growth rate G for the set of samples. The roughening
of the surface is pronounced with decreasing evaporation temperature.
Exemplarily, the RMS roughness increases from (1.4 4 0.3) via (2.7 +
0.4) to (6.0 + 0.5) nm for the 0.5 pm-thin PDMS membranes grown at
crucible temperatures of (260 + 2), (230 + 2) and (195 + 2) °C,
respectively.

The correlation of the surface roughness to the MBD parameters is
displayed in Fig. 3b. The ratio of the RMS roughness and the film thick-
ness depends on the molecular weight of the evaporated PDMS mole-
cules, which is not only given by the molecular weight distribution of
the PDMS in the crucible, but also essentially by the crucible tempera-
ture. Thus, the detected growth rate, represented by the color map, is
dependent on the molecular weight distribution of the utilized pre-
polymer DMSV21 and the selected temperature of the evaporation
source [11]. With increasing molecular weight of the PDMS molecules
and increasing growth rate, the RMS roughness per grown micrometer
film decreases.

(a) G=0.291pm/h (b)

B

Fourier transf. F(y) (um™')

0 50 0

G=0.163 um/h

3.2. Mechanical properties

Fig. 4a displays a diagram with the elastic moduli of the PDMS mem-
branes for growth rates between 0.01 and 0.42 um/h. Fig. 4b compares
the histograms, i.e. the elastic modulus distribution detected on 0.2
um-thin, 0.5 pm-thin, and 1.5 um-thin films deposited at a growth rate
of (0.25 4 0.2) pm/h. The center of the elastic modulus distribution at
(1.2 & 0.4) MPa for a 1.5 pm-thin membrane is found to be 1.8 times
smaller than the value of a 0.5 pm-thin membrane with (2.1 &
0.4) MPa and nine times smaller compared to the 0.2 um-thin mem-
brane with (11.1 £ 0.4) MPa. It should be noted that a load of 200 nN
was applied to the AFM cantilever in order to realize an indentation
depth of about 100 nm for the three films. To this end, this stiffening ef-
fect is linked to substrate effects, which becomes more pronounced for
thin films. In order to exclude this stiffening, most of the data were mea-
sured for 0.5 um-thin membranes, see Fig. 4a. The applied loads were
adjusted between 100 and 500 nN to realize an indentation depth of
about 100 nm for the membranes with the elastic modulus ranging
from (0.56 £ 0.15) to (150 & 10) MPa. The higher the growth rate
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Fig. 2. Ordered nanostructures on (sub-)micrometer-thin PDMS membranes prepared by thermal deposition at increasing in situ UV-light irradiation dose. The AFM images cover a
scanning area of 5 x 5 um?. The films were deposited at growth rates of (a) 0.291 um/h, (b) 0.163 um/h, and (c) 0.073 um/h under in situ UV-irradiation with a power density of 0.6
LW cm™2 nm~! at a wavelength of 190 nm. The lowest growth rate results in ordered nanostructures as demonstrated by the Fourier transforms of the images.
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Fig. 3. The measured RMS roughness of (sub-)micrometer-thin PDMS membranes
prepared by thermal deposition under in situ ultra-violet light irradiation. (a) Double-
logarithmic plot presenting the RMS roughness of PDMS membranes with respect to the
film thickness ranging from 0.2 to 1.5 um and their evaporation temperature ranging
from 160 to 260 °C (blue to red color map) under in situ UV light irradiation with a
power density of 0.6 yW cm~2 nm™"! at a wavelength of 190 nm. The RMS roughness
increases with the film thickness and decreasing evaporation temperature. The dashed
lines correspond to an exponential fit to the three data points of the membranes
presented in Fig. 1. The y-axis offset is correlated to the minimal RMS roughness RMSs;
= (0.15 £ 0.02) nm given by the Si-substrate. (b) The RMS roughness per grown microm-
eter of PDMS membranes d " is presented with respect to the inverse temperature T~
(lower x-axis) and the corresponding average molecular weight of the evaporated
PDMS molecules M,, (upper x-axis). The color map displays the growth rate G ranging
from 0.06 to 0.30 um/h (blue to red color). The RMS roughness per grown micrometer in-
creases with decreasing evaporation temperature and decreasing evaporated average mo-
lecular weight.

and related crucible temperature the lower is the UV-light irradiation
dose and the related elastic modulus of the PDMS film. Therefore, the
lowest elastic modulus of (560 4 150) kPa was obtained at the highest
crucible temperature (230 °C) and growth rate (0.42 um/h). An asymp-
totic exponential function allows for the extraction of a maximum elas-
tic modulus of (608 4+ 9) MPa, obtained at infinitely low growth rates.

3.3. Spectroscopic imaging ellipsometry

Spectroscopic ellipsometry reliably allows for the extraction of film
thickness, morphology and dielectric properties of homogenous
nanometer-thin heterostructures [2]. Based on AFM scans at step
edges, the film thickness is measured with sub-nanometer resolution
for verification purposes. Such a measurement is essential for the suit-
able modeling of the dielectric properties of the PDMS membranes to
the measured ¥ - A data, see Fig. 5a. A set of 0.5 um-thin membranes
has been prepared by thermal evaporation and in situ UV-crosslinking.
Changing the substrate temperature, the A-spectrum shifts to longer

Table 1

Surface morphology of (sub-)micrometer-thin PDMS membranes prepared by thermal
deposition under in situ ultra-violet light irradiation. The RMS roughness extracted from
AFM scans depicted in Figs. 1 and 2 are listed with respect to the evaporation temperature
T, growth rate G and the final film thickness d of PDMS membranes prepared by thermal
evaporation. The film thickness and the resulting growth rate including their errors were
determined by in situ spectroscopic ellipsometry. The error of the RMS roughness arises
from repetitive AFM scans over selected areas on the two-inch wafers.

Film thicknessd Evap. Temp.T GrowthrateG RMS roughness RMS/d
(um) (°0) (um/h) (nm) (nm/pm)
0.15 £ 0.002 175 £ 2 0.150 + 0.005 9.6 + 0.2 64+ 2
0.195 4 0.004 175+ 2 0.200 4- 0.005 5.7 + 0.4 292 +13
0.2 + 0.004 230+ 2 0.250 + 0.005 0.5+ 0.2 20+08
0.4 £+ 0.01 175 £ 2 0.200 + 0.005 5.0 + 0.5 130+ 13
0.43 £ 0.01 195+ 2 0.110 4- 0.003 4.0 +£0.3 93+08
0.48 + 0.015 195+ 2 0.163 4 0.006 6.0 + 0.5 125+ 1.1
0.5 £+ 0.02 260 4+ 2 0.280 + 0.008 1.4 4 0.3 28 +£0.6
0.5 £+ 0.02 230+ 2 0291 £ 0.012 2.7+ 04 54+07
0.53 £ 0.02 195+ 2 0.073 4+ 0.003 6.1 +£0.5 115+ 1.0
0.8 + 0.024 205 42 0.200 + 0.006  15.8 + 1.5 198 + 1.8
1.5 4+ 0.045 250 + 2 0.270 + 0.009 11.6 + 1.0 73+ 0.6

wavelengths, see diagram in Fig. 5b. The dielectric function of the poly-
mer and the film thickness of the membrane are concurrent fitting pa-
rameters in the modeling of this shift. While the variation of the film
thickness (Fig. 5d) can model the absolute shift of the W - A spectra,
the variation of the refractive index n(\) (Fig. 5¢) enables to compress
or stretch the W - A spectra. A decrease of the refractive index, exem-
plary derived at a wavelength of 633 nm, and an increase in the film
thickness with the substrate temperature was found. A polynomial fit
of third order (red-colored line in Fig. 5d) can describe the thermal ex-
pansion Ad/d of the PDMS membrane towards increased film thickness
and decreased optical density based on the quadratic temperature de-
pendency of thermal expansion coefficient o [25]. The thermal expan-
sion is set as a linear function Ad/d = o(T) x T — (0.089 + 0.008)
with o = @[293 K]x(1 +3 x 1074 T+ 3 x 1077 T%) and [293 K] =
(2.85 £0.19) 1074 K",

4. Discussion

The surface of PDMS membranes prepared by thermal evaporation
and simultaneous UV-irradiation becomes rougher with increasing
film thickness. The ratio between RMS roughness and film thickness,
however, only depends on the evaporation temperature and the growth
rate, as clearly demonstrated in Fig. 3b. Assuming, that the vinyl end-
groups and the methyl side-groups of the PDMS molecules are already
radicalized at arrival on the substrate, they can be directly incorporated
into the formed PDMS network. Because of the strong intermolecular
interactions between the methyl side groups [27], the mobility on the
surface is limited. The increase of the crucible temperatures leads to
an increase of the molecular weight of the evaporated molecules and
an enhanced kinetic energy of the molecules hitting the substrate. Fur-
thermore, at temperatures above 400 K, the molecules with more than
19 repeating units exhibit an enhanced folding flexibility [11]. This be-
havior indicates a smoothening of the surface with increasing evapora-
tion temperature. Exemplarily, for 0.5 um-thin membranes, the RMS
roughness decreases by a factor of 3.5 for an evaporation temperature
increase by 75 K from 195 °C (468 K) to 260 °C (533 K). This phenome-
non is well known from heteroepitaxial growth of metals, where the
surface roughness increases for lower and lower substrate temperatures
[28].

Contrary to the evaporation of metals, however, the deposition rate
of polymers is limited and depends on the thermal stability. In the pres-
ent case, only molecules with an average molecular weight below about
6000 g/mol can be evaporated and the crucible temperature should not
exceed 230 °C, a temperature we observe cross-linking in the crucible.
This thermal boundary is given by the thermal stability of the functional
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Fig. 4. The elasticity of the three-dimensionally cross-linked PDMS networks tailored via the growth rate and the irradiation dose. (a) AFM nano-indentations with a maximum load of 200
nN enabled us to determine the elastic properties of the (sub-)micrometer-thin PDMS membranes. The derived elastic modulus E is presented on a double-logarithmic plot for the selected
growth rates G of thermally evaporated PDMS, cross-linked via in situ UV light irradiation using a deuterium lamp with a power density of 0.6 yW cm ™2 nm ™' ata wavelength of 190 nm. At
increasing growth rates, which corresponds to a decreased UV irradiation time and UV light dose, the elastic modulus of 0.5 um-thin membranes decreases (green circles). The grey-shaded
area characterizes the elastic modulus of 0.084 MPa measured by nano-indentations on a viscoelastic, incompletely cross-linked PDMS film [16]. The dashed line represents the maximal
elastic modulus of (608 4 9) MPa arising from an asymptotic fit to the data of 0.5 um-thin membranes. (b) The diagram on the right compares the elastic modulus distribution detected on
a0.2 pm-thin (blue), 0.5 um-thin (green) and 1.5 pm-thin (yellow) film fabricated at growth rates of 0.25 to 0.27 um/h. The black lines represent the Gaussian fit allowing for the extraction
of the amplitude and the full width at half maximum of the elastic modulus distribution.

vinyl end-groups [29]. A further temperature increase leads to the we observed a smoothening of the PDMS films with the growth rate as-
PDMS chain prolongation, which prevents evaporation [11]. sociated with a decreased UV-irradiation power per PDMS molecule.

It is important to mention that, contrary to the conventional growth, Therefore, increasing the growth rate from 0.163 pm/h to 291 pm/h
the increase of the growth rate does not result in rougher films. Instead, leads to a RMS roughness improved by a factor of two. It can be
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Fig. 5. The elasticity of (sub-)micrometer-thin PDMS membranes based on thermal expansion detected by spectroscopic ellipsometry. (a) The proposed model (red-colored line) of the
optical properties of a 0.5 um-thin PDMS film on the Si(111)-wafer with a 2.5 nm-thin native SiO, matches the obtained spectroscopic A-spectrum (circles). A mean square error (MSE) of
0.9 is obtained based on a Tauc-Lorentz dispersion formula [13]. (b) The shift of the spectroscopic A-data with substrate temperature T (blue- to red-colored curves, respectively) is
presented for the wavelengths N\ between 650 and 780 nm. (c) The extracted refractive index n and (d) the thermal expansion Ad/d of the film thickness d is shown for substrate
temperatures between 20 and 200 °C, 293 and 473 K, respectively. A polynomial fit (red-colored line) describes the thermal expansion based on the increase of film thickness with
increasing temperature [25,26] while the refractive index n decreases.
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reasonably assumed that the reduced density of radicalized functional
groups per PDMS molecule induces an enhanced mobility on the sur-
face. Reducing the growth rates below 0.163 pum/h, the RMS roughness
seem to stay constant. Instead, we do observe ordered structures with
a wrinkle wavelength of a few hundred nanometers. We hypothesize
that the wrinkle formation is the result of the UV irradiation at low
growth rates. Here, the application of thermal energy heats the surface
and generates a temperature gradient towards the substrate. This ther-
mal stress increases with film thickness and is released via wrinkles
[5,30]. Obviously, the phenomenon is more critical the thinner the
membrane. The preferential orientation of the wrinkles is due to the
oblique in situ UV light irradiation with an incident angle of 20° to the
substrate normal. Such a preferential orientation of organic molecules
has been shown for oblique-incidence molecular beam deposition
[31]. We reasonably assume that the anisotropic thermal irradiation
causes a gradient in cross-linking densities, which leads to the direc-
tional stress release as reported in directional plasma treatments of
polymer surfaces [32,33]. Consequently, PDMS membranes of highest
quality require the highest possible temperatures in the evaporation
sources. In order to tailor the surface morphology of the PDMS mem-
branes with desired wrinkled structures, we propose, UV treatments
at oblique incidence. Detailed studies with well selected angles of inci-
dence are necessary to optimize the size, shape and orientation of the
wrinkles.

More than 90% of the UV light with wavelengths below 190 nm is
absorbed within the top 100 nm of the PDMS membrane [16,34]. There-
fore, the thermal evaporation of vinyl-functionalized PDMS combined
with in situ UV irradiation of a deuterium lamp leads to homogenous
cross-linking within the membrane [35].

The elastic moduli decrease with increasing growth rates. The longer
the UV radiation acts on the growing PDMS film the more functional
vinyl groups and methyl side groups will be radicalized and bonded.
Thus, we can correlate the maximum elastic modulus of (608 +
9) MPa to a porous network of residual Si-O backbones — comparable
to that of a porous silica-like network with a porosity of 93% [36].
Given by the thermal stability of vinyl groups [11] and our experimental
setup, the maximal growth rate of 0.42 um/h led to a minimal elastic
modulus of (560 4 150) kPa for 0.5 um-thin membranes. These exper-
imental results require a UV irradiation and fabrication time of about
1.2 h. To further reduce the cross-linking and thus, to realize an elastic
modulus similar to human soft tissues, a pulsed UV treatment is
proposed.

AFM nano-indentations have been employed as a standard tech-
nique to determine the elastic properties of polymer thin films [37]. SE
is complementary to AFM: First, it allows for non-invasive measure-
ments and second, the measurement spot allows for the characteriza-
tion over macroscopic areas, here based on an 4 x 10 mm?-sized spot.
The shift of the dielectric function as the function of the substrate tem-
perature permits the determination of the thermal expansion coeffi-
cient of substrate-fixed PDMS membranes, as displayed in Fig. 5 for
cross-linked 0.5 pm-thin membranes (G = 160 nm/h, T = 250 °C).
The thermal expansion coefficient vertically to the substrate surface of
(2.85 4 0.19) 1074 K~! at room temperature corresponds well to one
third of the volumetric thermal expansion coefficient of 9 x 1074 K~!
presented in literature [25]. AFM nano-indentations reveal the corre-
sponding elastic modulus of (3.5 4+ 0.1) MPa. Based on the generalized
expansibility-theory for amorphous materials found by RE. Baker et al.
[38], one class of materials obeys a constant « - E relation. For in situ UV-
cured, linear-chain-based PDMS networks the resulting Eo? - product is
(0.25 + 0.08) PaK™2. Future work will be invested to study the influence
of the membrane thickness on this ratio, as the substrate effects have to
be considered for both, the AFM nano-indentations as well as for the re-
sults of SE. Due to the linking of the PDMS membrane to the SiO, sub-
strate surface an anisotropic thermal expansion, preferentially vertical
to the substrate surface, has to be considered. This phenomenon may re-
sult in an overestimation of the detected thermal expansion coefficient

und thus an underestimation of the elastic modulus by SE. Contrary,
AFM nano-indentations on 0.5 pm-thin membranes may overestimate
the elastic modulus due to substrate effects, see Fig. 4b. However, the
preliminary data set highlights the possibility of spectroscopic
ellipsometry to characterize the expansibility of substrate-fixed poly-
mer (sub-)micrometer-thin membranes. Based on future extensive
SE-AFM calibration data the E? - relation will allow extracting the elas-
ticity of these thin films in situ.

5. Conclusion

In this study, we demonstrate the capability of organic molecular
beam deposition to realize sub-micrometer thin PDMS films with a
RMS surface roughness well below 10 nm. The 0.5 um-thin membranes,
which exhibit a peak-to-valley height difference of only a few nanome-
ters, perfectly fit the requirements of low-voltage dielectric elastomer
transducers. The elasticity of the three-dimensionally cross-linked poly-
mer films corresponds to a few hundred kPa and is, therefore, compara-
ble to the mechanical properties of human soft tissue [14,17]. As a
consequence, these thin films form a sound basis for artificial skin and
artificial muscles [39]. The AFM and in situ SE are complementary tech-
niques to thoroughly characterize the elasticity and the morphology of
these thin films [12].
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