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a  b  s  t  r  a  c  t

Molecular  beam  deposition  of siloxane-based  polymer  thin  films  was  employed  to realize  single-layer
dielectric  elastomer  actuators.  With  molecular  weights  of  6000  and  28,000  g/mol,  vinyl-terminated
polydimethylsiloxane  (PDMS)  was evaporated  under  high-vacuum  conditions  at  crucible  temperatures
between  100  and 180 ◦C.  Both  deposition  rate  and  realizable  film  thickness  showed  linear  dependency
with  respect  to  the  crucible  temperature  and  were  significantly  higher  for PDMS  with  lower  molecular
weight.  Optimized  growth  conditions  for 6000  g/mol  were  obtained  at 180 ◦C with  a  deposition  rate  of
(130  ± 5)  nm  per  hour  and a maximal  film  thickness  of (530  ± 1) nm.  Thermally  induced  polymerization
was observed  to  limit the  maximum  accessible  evaporation  temperature  for hydride-terminated  PDMS
above  180 ◦C  and  for vinyl-terminated  PDMS  above  230 ◦C.  Ultraviolet  (UV)  light  induced  polymeriza-
tion  of vinyl-terminated  PDMS  was  successfully  established  via  radicalization  at  the  functional  vinyl
end  groups  of  the  chains.  Atomic  force  microscopy  nanoindentation  of  the  UV-polymerized  network
reveals  that  the  oligomer  chain  length  determines  the elastic  modulus  of the  polymer  layer.  Manufac-
tured  as  asymmetric  cantilever  structures,  the  bending  characteristic  gave  evidence  that  a 200  nm-thin

film,  activated  in the  voltage  range  between  1 and 12 V, maintains  the  actuation  compared  to  a  4  �m-
thick,  spin-coated  film,  operated  between  100  and 800  V.  The  force  of  the  presented  200  nm-thin  film
cantilever  actuator  was  about  10−4 N.  This  means  that  a multilayer  actuator  with  more  than  104 layers
would  reach  forces  comparable  to  natural  muscles.  Therefore,  such  nanostructures  can  qualify  for  medical
applications  for  example  to  treat  severe  incontinence.

©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Research on dielectric, electrically activated polymer (EAP)
ctuators for biomimetic implants focuses toward a signifi-
ant reduction of the actuation voltages [1,2]. Micrometer-thick,
ilicone-based polymer films, prepared for example by spin-
oating, require voltages in the range of several 100 V to a few
V to reach thickness strains of 25 to 48% [3,4]. Although the gen-
ration of high voltages through electromagnetic transformers is
stablished, the limitations are large component size and often rel-
tively low efficiency. Associated costs and potential health risks
or medical device applications within the human body are fur-
her drawbacks. Therefore, one should either increase the dielectric

onstant of the polymer, for example by adding fillers in the elas-
omer network [5,6], or decrease the film thickness to reduce the
peration voltage. Taking advantage of molecular beam deposi-
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tion (MBD), we follow the pathway to reduce the film thickness
to the sub-micrometer range. Compared with the well-established
spin coating [7], solvents are not required. In order to reach the
necessary actuation forces/pressures, however, stack actuators [8]
have to be realized. This approach implies the reliable preparation
of both polymer and stretchable electrode multilayers. Although
MBD  is known for excellent film homogeneity and relatively low
defect densities, reliable MBD  for polymer layers is challenging as
heating in the crucible often causes dissociation to lower molec-
ular weight components, pyrolysis, and even polymerization [9].
Such processes significantly modify evaporation rates and beam
composition. These complex phenomena limits the evaporation
temperature ranges typically to values between 150 and 450 ◦C and
the deposition rates of the material to values below the desired
range of about 1 �m/h  or 1 monolayer/s. Nevertheless, once vac-

uum deposition of appropriate organic and electrode materials is
available, one can prepare and characterize in situ film growth of
multi-stack actuators under well-defined high-vacuum (HV) con-
ditions.
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It is hypothesized that MBD  of vinyl-terminated polydimethyl-
iloxane (PDMS) with molecular weights Mw of 6000 and
8,000 g/mol allows for the preparation of low-voltage DEAs under
V conditions. We  know that siloxane-based polymers are dielec-

ric elastomers in actuator configurations because of their elasticity
nd dielectric behavior. Strain levels of 30 to 40% were reached [10].
specially the millisecond response and the acceptance as a bio-
ompatible material for applications within the human body make
ilicone suitable for biomimetic applications in artificial muscles
10,11].

Cross-linking of PDMS is achievable through the presence of
unctional groups either at the chain end or in the form of a co-
olymer. Covalent bonding can be realized either by heat-induced
uring using a catalyst [12] or applying ultra-violet radiation
o force the photo-initiated reaction of radicals [13,14]. Mid-
nfrared (MIR)-spectroscopy, for example, can support the analysis
f polymerization in vinyl-terminated PDMS under continuous illu-
ination by means of a deuterium broadband lamp, avoiding any

se of cross-linkers or catalysts.
To characterize the performance of planar EAP actuators one

an place them on a rectangular cantilever and measure the bend-
ng as a function of the applied voltage. Recently, experimental
esults of such a cantilever bending system [15] were published.
ere a 200 nm-thin silicone film was embedded between two Au
lectrodes each 10 nm-thin. This EAP actuator was placed on a
5 �m-thick polyetheretherketone (PEEK) cantilever to obtain an
symmetric structure, which notably bends through the applica-
ion of a voltage as small as a few volts. The cantilever bending
pproach is known from atomic force microscopy and similar meth-
ds to be extremely sensitive, see e.g. [16]. Therefore, this approach
as also been applied for the current study.

It can reasonably be expected that low-voltage DEAs prepared
y means of biocompatible materials with intrinsic properties,
hich include millisecond response and remarkable energy effi-

iency [10], will not only become parts of medical implants but
nd applications in a wide variety of other fields.

. Materials and methods

.1. Silicones used

The study on thermal evaporation is based on vinyl-
erminated dimethylsiloxane DMS-V21 (Gelest Inc., Morrisville,
A, USA), vinyl-dimethylsiloxane copolymer AB116647 (abcr
mbH, Karlsruhe, Germany) and hydride-terminated hydride-
imethylsiloxane copolymer HMS-H271 (Gelest Inc., Morrisville,
A, USA). Elastosil 745 A/B (Wacker Chemie AG, München,
ermany) is solely used for spin coating of micrometer-thick films.

.2. Thermal characterization of PDMS

The characterization of thermal degradation was carried out
ith thermal gravimetric analysis (TGA) using a TGA/SDTA851e

ystem (Mettler Toledo, Greifensee, Switzerland). The data were
cquired with a heating rate of 10 K per minute under nitrogen
tmosphere for PDMS terminated with hydride and vinyl groups.
he temperature at which thermally induced crosslinking occurs
as determined by heating micrometer-thin films with a rate

f 5 K per hour, starting from 150 ◦C under atmospheric condi-
ions.

.3. Thermal evaporation of PDMS
The deposition experiments were carried out under high-
acuum conditions. After bake-out at a temperature of 120 ◦C for
wo hours, a base pressure of 10−8 mbar was achieved using a
ators A 233 (2015) 32–41 33

Agilent SH-110 dry scroll pump (Swissvacuum Technologies SA,
Marin-Epagnier, Switzerland) with a pumping speed of 110 l/min
in combination with Agilent V-81-M turbo pump (Swissvacuum
Technologies SA, Marin-Epagnier, Switzerland) with a pumping
speed of 77 l/s for N2 at a rotation frequency of 1350 Hz. We
utilized a low temperature effusion cell (Dr. Eberl MBE  Kompo-
nenten GmbH, Weil der Stadt, Germany) with precise regulation
and high temperature stability in order to realize a homoge-
neous temperature distribution inside the crucible (NTEZ crucible
with a volume of 2 cm3). The temperature ramp of the evapo-
rator was  adjusted to a heating rate of 10 K per minute. When
the shutter of the evaporator was opened a rise of the vapor
pressure was detected to 1 × 10−6 mbar and up to 5 × 10−6 mbar
at 120 ◦C and 180 ◦C source temperature, respectively. The pres-
sure was detected with a FRG-700 Varian inverted Magneton
Pirani Gauge (Swissvacuum Technologies SA, Marin-Epagnier,
Switzerland) in front of the turbo pump, at a distance of 600 mm
to the evaporator. The substrate was placed 300 mm in front of
the evaporation source. A quartz crystal microbalance (LewVac, Ote
Hall Farm, Burgess Hill, UK) served for the film thickness measure-
ment.

2.4. Crosslinking of poly-dimethylsiloxane (PDMS)

Photodecomposition of Si-vinyl bonds occurs as a result of direct
UV radiation with a wavelength below 300 nm [17]. To obtain the
radicalization wavelength of the Si-vinyl bonds, a UV–vis measure-
ment was performed with an Agilent 8453 Spectrometer (Agilent
Technologies, Basel, Switzerland). The solvent hexane (HPLC grade,
Fischer Scientific, Wohlen, Switzerland) was  utilized.

The UV radicalization was realized with a deuterium D2 broad-
band UV lamp (Yuyu Lightning, China) covering a spectral range
between 180 and 450 nm with maximum intensity at a wavelength
of 210 nm.

Mid-infrared (MIR) spectroscopy with a Varian 670-IR spec-
trometer (Varian Inc., Santa Clara, USA) was used to investigate
the resulting polymer network by analyzing the absorption bands
of bond-vibrations from 600 to 4000 cm−1 with steps of 4 cm−1.

2.5. Nanoindentation of PDMS cross-linked networks

The nanomechanical properties of the deposited polymers were
quantified using the FlexAFM ARTIDIS system (Nanosurf AG, Liestal,
Switzerland). The nominal spring constant of the cantilevers (CON-
TSCR, Nanosensors, Neuchatel, Switzerland) was determined to be
0.2 N/m using the Sader method [18]. The ARTIDIS system allows
systematic sampling at selected points of interest. The size of each
spot was either 15 × 15 �m2 or 20 × 20 �m2. Each spot was over-
laid with a 64 × 64 points array. The array defines the locations
of the 4096 nanoindentation tests. The FlexAFM ARTIDIS auto-
matically acquired the data and generated a stiffness map  and
histogram for each spot. The power law method by Oliver & Pharr
[19] was used to calculate the Young’s modulus. The CONTSCR-
cantilever tip radius was 7 nm.  The approach was done with a speed
of 6 �m/s  while the measurements were taken at a force setpoint
of 4 nN.

2.6. Preparation and mechanical characterization of asymmetric
EAP structures

The polymer films, either grown by MBD  (see Section 2.3)
with a thickness of 200 nm or spin-coated (Spincoater WS-400B-

6NPP, Laurell Technologies, North Wales, USA) with a thickness
of 4 �m (Elastosil A/B at 3000 rpm for 150 s, heat cured for 2 h
at 120 ◦C), were embedded between two 10 nm sputtered Au-
electrodes (Magnetron sputter system, Balzers Union SCD040,
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Fig. 1. Temporal behavior of molecular beam deposition of PDMS with molecular
weights of 6000 (thin line) and 28,000 g/mol (thick line) at a source temperature of
120 ◦C and a background pressure of 1 × 10−6 mbar. Eq. (3) describes the experimen-
tally observed time dependence as the fits (dashed lines) of the polymers with the

4

both polymers was  observed. Eq. (3) below shows that the growth
rate, related to the particle flux dd/dt = j(T), is proportional to the

Fig. 2. The time dependence of the evaporation rate can be adjusted by the choice
4 T. Töpper et al. / Sensors an

ichtenstein) and placed on a 25 �m polyetheretherketone PEEK
ubstrate (Aptiv 2000, Vitrex, Lancashire, UK). The related sput-
ering conditions corresponded to 0.05 mbar Ar-atmosphere and

 constant working current of 30 mA.  The thickness of the Au
lectrodes was 10 nm,  determined by a calibration curve plotting
ime versus thickness measured using a quartz crystal microbal-
nce (QSG 301, Balzers, Lichtenstein). To get contact access to
he lower electrode the grown PDMS layer was dissolved and
ashed off partially by submerging the structure into ethyl acetate.
n the growth of an adhesion layer between PEEK and Au or
DMS and Au was renounced to simplify the actuation charac-
erization. Nevertheless recently published results indicate that
he conductivity as well as the adhesion of a 10 nm-thin Au elec-
rode to the polymer is sufficiently high enough to follow strains
s large as 20% [20]. The thickness of the polymer layer after
BD  or spin-coating and following polymerisation was  determined

sing 3D laser microscopy (Keyence VK-X200, Keyence Interna-
ional, Belgium) with a spatial resolution of 0.5 nm in z-direction.
inally, this stack was cut into asymmetric cantilever structures (cf.
ig. 8).

With the advantage of no severe geometric restrictions, the
antilever beam deflection method has shown the potential to char-
cterize the mechanics of thin films on a substrate [21–23], and
ells on a cantilever [24] or even on whole asymmetric EAP struc-
ures [25–27]. Therefore, we applied this method to characterize
AP films by means of electrical actuation. A detailed description
f the utilized apparatus can be found in literature [15,26]. When

 voltage U is applied between the two electrodes, an electrostatic
ressure p leads to a strain in the vertical direction Sz (Eq. (1)),
hich is then, due to the incompressibility of the polymer network,

qually translated into a strain in horizontal directions Sx and Sy.

x = 1
2
Sz = − p

2E
= − 1

2E
�r�0

(
U

hf

)2
(1)

This strain in the horizontal direction leads to a surface stress
etween the EAP film with thickness hf and the PEEK-substrate,
esulting in a torque that bends the entire EAP-cantilever struc-
ure. The bending can be detected by the deflection d of a reflected
aser beam (660 nm Streamline diode laser, Laser2000, Germany)
n a position sensitive detector (PSD, Spoton Laser2000) (see Fig. 4).
ccording to Stoney [28]

x = Esh2
s

6 (1 − vs)hf
× d

LD
(2)

he strain Sx between the surfaces is proportional to the displace-
ent d, which is dependent on the substrate properties (elastic
odulus Es thickness hs). Merging Eqs. (1) and (2) it becomes clear

hat one can expect a quadratic dependence between the applied
oltage U and the displacement d. The ratio between displacement
, cantilever length L, and the distance between the cantilever and
he detector D can otherwise be described by the inverse of the
ending radius R with d/LD = 1/R.

. Results

.1. Thermal characterization of PDMS

The thermal gravimetric analysis of the PDMS showed that
he temperature onset of molecular weight loss Tweight-loss is,
ith a value of 450 ◦C ± 20 K, 200 K lower for hydride-terminated

HMS-H271) than for the vinyl-terminated polymers (DMS-V21
nd AB116647). In addition, we observed that hydride-terminated

DMS started to form cross-linked networks at temperatures above
80 ◦C ± 5 K, whereas vinyl-terminated PDMS required tempera-
ures of 230 ◦C ± 5 K to form cross-linked networks under ambient
onditions.
molecular weights of 6000 g/mol (dmax = (160.0 ± 0.5) nm, � = (2.52 ± 0.01) × 10 s)
and  of 28,000 g/mol (dmax = (58.0 ± 0.2) nm, � = (6.56 ± 0.03) × 104 s), as indicated.

3.2. Thermal evaporation of PDMS

Figs. 1 and 2 demonstrate that the selected polymers can be
evaporated under high-vacuum conditions to fabricate nanometer-
thin polymer films. Due to the higher thermal stability of the
vinyl-terminated PDMS, detailed investigations of MBD  growth for
DMS-V21 and AB116647 were gathered. At a source temperature
of 120 ◦C in the time frame up to 104 s, a linear growth behavior for
of  the evaporation temperature. The representative graph for the molecular beam
deposition of PDMS with a molecular weight of 6000 g/mol (DMS-V21) follows the
behavior given by Eq. (3) at each of the source temperatures given. The time constant
increases from (6.0 ± 0.3) via (8.6 ± 0.2) to (10.4 ± 0.1) × 104 s and the film thickness
at  infinite time reaches (95 ± 5), (280 ± 1), and (530 ± 1) nm, respectively.
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Fig. 3. The temperature dependences of the asymptotic film thickness dmax and the
fitted time constants � exhibit a linear behavior for the vinyl-terminated PDMS with
a  molecular weight of 6000 g/mol. One can take advantage from this behavior and
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Fig. 4. Ultra-violet spectroscopy of the vinyl-terminated polymer AB116647,
diluted in hexane to 10−5 and 10−6 mol/l. The � – �* transition of the vinyl dou-
elect the optimized source temperature to reach the desired film thickness within

he available period of time.

quilibrium vapor pressure p(T) and inversely proportional to the
ass m of the molecules [29]:

(T) = p (T)√
2�mkT

. (3)

he equation contains the Boltzmann constant k. During evapo-
ation of the two polymers at the source temperature of 120 ◦C
he background pressure was 10−6 mbar. The relation between the
rowth rates of the polymers with molecular weights of 6000 and
8,000 g/mol is therefore determined by the ratio of the square
oots of the molecular weights, i. e. about 2.2. Experimentally we
btained growth rates of (130 ± 5) and (35 ± 2) nm per hour, respec-
ively, which corresponds to a ratio of 3.7.

For evaporation times above 104 s we observed a deviation from
he linear behavior. The growth rates became smaller and smaller.
he acquired behavior can be described by the following equation:

(t) = dmax

[
1 − exp

(
− t
�

)]
. (4)

or the source temperature of 120 ◦C we have fitted the two  param-
ters, i.e. the asymptotic film thickness dmax and the time constant
. Fig. 1 demonstrates that the polymer with lower molecular
eight has a 2.6 smaller time constant than the PDMS with the

arger molecular weight. The ratio of the maximal film thicknesses
s found to be about 2.8.

The data of Fig. 1 show that using the present experimental
etup, the polymer DMS-V21, and a source temperature of 120 ◦C
ne cannot realize films with a thickness above 160 nm.  Fig. 2
resents our attempts for the polymer DMS-V21 to increase the
aximal film thickness by applying higher source temperatures,

.e. 150 and 180 ◦C. This deposition experiment with a lower fill-
ng level of the source led to maximal film thicknesses of (95 ± 5),
280 ± 1), and (530 ± 1) nm,  respectively. The related time con-
tants also significantly increased from (6.0 ± 0.3) via (8.6 ± 0.2) to
10.4 ± 0.1) 104 s.

Fig. 3 demonstrates that the asymptotic film thickness and
he related time constants linearly depend on the source tem-
erature from 110 to 180 ◦C. The asymptotic film thickness as a

unction of the source temperature is described using the linear fit

max(T) = (6.0 ± 1.1) nm/K × T – (580 ± 130) nm.  The time constant
ollows a similar behavior: �(T) = (226 ± 31) s/K × T – (470 ± 40) s.
he error bars of the fit parameters not only contain statistical
rrors derived from the fitted data but also reasonable estimates
ble bond at (207.7 ± 0.1) nm was  determined with a Gaussian fit using a solvent
cut-off at the wavelength of (194.5 ± 0.1) nm.

of the systematic errors. The measured data and the related linear
fits displayed in Fig. 3 lead to the conclusion that at a source tem-
perature below 100 ◦C, one does not obtain any meaningful film
thickness. In general, deposition rates as high as 1 �m per hour
are desired, corresponding to source temperatures above 180 ◦C.
At source temperatures between 180 and 200 ◦C, however, we
observed boiling retardation of the polymer DMS-V21 within the
crucible associated with spitting of polymer material onto the sub-
strate, although the evaporation source is known for homogenous
temperature distribution.

3.3. Crosslinking of poly-dimethylsiloxane (PDMS)

Fig. 4 displays the absorbance of the AB116647 polymer film for
wavelengths between 190 and 230 nm (ultra-violet spectroscopy).
The dilution in hexane was  adjusted to 10−6 mol/l to discriminate
between the absorption peaks of the vinyl group and the solvent
(see Fig. 4). Based on a Gaussian fit, one obtains the wavelength
of the �–�* transition of the vinyl double bond. It corresponds to
(207.7 ± 0.1) nm.

The spectrum of the deuterium lamp thus covers the wave-
length for activating the cleavage of the vinyl double bonds. Applied
for a period of three hours, the polymer thin film received an
energy density of (3000 ± 100) W/m2. The irradiance at the wave-
length of 207.7 nm at a distance of 0.2 m was measured to be
(3.0 ± 0.1) mW/m2 per nm.

Mid-infrared (MIR) spectroscopy data, as presented in Fig. 5,
served for the investigation of modifications in the polymer owing
to treatment with ultra-violet light. The data given in Fig. 5(a)
show the absorption bands of vinyl (SiCH CH2) vibrations at the
wavenumbers of 1590 cm−1, 1410 cm−1, and 960 cm−1, as well as of
the C H bond vibration at the wavenumber of 3060 cm−1 as known
from the literature [30].

The spectroscopy data of Fig. 5(b) include the Si O vibration
band at the wavenumber of 1065 cm−1 and the SiCH2 CH2Si vibra-
tions around a wavenumber of 1130 cm−1 [30]. The absorbance of
the polymer film before and after the UV irradiation have been nor-
malized for the absorption band at the wavenumber of 1065 cm−1,

since the Si O bonds are the most stable ones in the silicone
chains. Table 1 of Ref. [31] contains the related dissociation energy,
which corresponds to a radicalization wavelength of 155 nm. This
wavelength is well below the ones generated by the lamp used.
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Fig. 5. Mid-infrared spectroscopy of the vinyl-terminated polymer DMS-V21: (a)
The absorbance of the polymer as supplied corresponds to the red-colored data,
the data in black are the absorbance values of the ultra-violet-cured thin film. (b)
The  data within the selected spectral range verify the occurrence of the absorption
band around a wavenumber of 1130 cm−1 attributed to SiCH2 CH2Si vibrations.
The absorbance was  normalized according to the Si O Si vibration band at the
wavenumber of 1065 cm−1 a feature assumed to be unaffected by the applied
radiation. (c) The change of the vinyl vibration (SiCH CH2) at the wavenumber
of 1590 cm−1 after the treatment is obvious. (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6. The application of a voltage to the EAP micro- and nano-structures placed
on  25 �m-thick PEEK substrates results in bending radii that follow the predicted
quadratic behavior (fits represented by the full lines). The 200 nm-thin PDMS actu-
ator  demonstrated the aimed-for actuation efficiency within the medically relevant
herefore, the spectroscopy data of Fig. 5(b) clearly indicate that a
ignificant number of SiCH2 CH2Si bonds have been formed as the
esult of the UV treatment. At the wavenumber of 1130 cm−1 the
bsorbance increased from 0.22 to 0.26.

As exemplarily demonstrated for a wavenumber of 1590 cm−1

n Fig. 5(c), the peaks related to the vinyl bonds of the polymer
efore the UV treatment disappear after such a treatment.

.4. Young’s modulus determination of siloxane films

The frequency of the 4096 measured elastic moduli follows a
aussian distribution for both the spin-coated and the evaporated
MS-V21 films. After UV-treatment, the spin-coated, 4 �m-thin

olymer had an average elastic modulus of (480.9 ± 0.2) kPa with

 half width of (16.2 ± 0.2) kPa, whereas the 200 nm-thin film pre-
ared by molecular beam deposition gave rise to an average elastic
odulus of (1685.8 ± 1.4) kPa with a half width of (187.5 ± 2.8) kPa.

his means that the thin film prepared by evaporation at a source
range of voltages for the realization of artificial muscles.

temperature of 120 ◦C is 3.5 times stiffer than the spin-coated
microstructure.

3.5. Bending of the asymmetric, dielectric actuators

Fig. 6 represents selected experimental data that follow the
characteristic quadratic behavior predicted from Eq. (1). The full
lines are the related fits. The currently state-of-the-art, 4 �m-
thick, spin-coated, Elastosil A/B based actuators need voltages
as high as several hundred volts to reach the desired defor-
mation or stress-strain transfer (see Fig. 6). The 200 nm-thin,
DMS-V21-based actuators (red triangles) prepared by molecu-
lar beam deposition at an evaporation temperature of 150 ◦C
and subsequent UV-treatment actuates at voltages as low as a
few volts and hence can become the basis of artificial muscles
within the human body. It should be noted that the break-
down voltages corresponded to (60 ± 6) V/�m for the 200 nm-thin
DMS-V21 polymer and (120 ± 12) V/�m for the 4 �m-thick Elas-
tosil film. The maximal detected curvature of the cantilevers
before breakdown was  (2.67 ± 0.2) m−1 for the 4 �m-thick can-
tilever actuator applying a voltage of 500 V and (1.43 ± 0.1) m−1

for the 200 nm-thin cantilever actuator using a voltage of 12 V.
The corresponding driving forces, applied at the cross-sectional
area of the polymer film, are (5.9 ± 0.7) 10−3 N for the 4 �m-
thick and (6.9 ± 1.2) 10−5 N for the 200 nm-thin cantilever actuator,
respectively. For the horizontally mounted cantilever the cur-
vature was  calibrated based on the gravitational force. For the
4 �m-thick actuator a curvature of (1.41 ± 0.22) m−1 was detected.
For the 200 nm-thin actuator the curvature corresponded to
(1.25 ± 0.19) m−1.

4. Discussion

PDMS is known for its resistance to environmental degradation
induced by oxygen, ozone, and sunlight [6]. Furthermore, kinet-
ics studies of thermal degradation have shown that the thermal

stability of (CH3)3Si end-blocked PDMS is present up to a tem-
perature of 339 ◦C under ambient conditions [32]. The thermal
treatment of terminated PDMS, however, does exhibit reduced
thresholds of thermally induced cross-linking in air. This behavior
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Fig. 7. The Flory distributions with average molecular weights of 28,000 g/mol
(dashed line) and 6000 g/mol (dotted line) are shown. The schematic representa-
tion  of evaporation probability of the polymer with nominal molecular weight of
6000 g/mol at a crucible temperature of 120 ◦C (red graph) demonstrates a pref-
erential evaporation of low molecular weight oligomers with reduced average
molecular weight of 1500 g/mol. The evaporation probability for polymers with
nominal molecular weight of 28,000 g/mol is described by the overlap of MWD28000

with the reduced MWD1500. The reduced MWD1500 can be found when the ratio
of  determined maximum film thicknesses of 2.6 is assigned to equal the ratio of
integrals over the two  shifted MWDs  of the supplied polymers (see Eq. (7)). (For
interpretation of the references to colour in this figure legend, the reader is referred
T. Töpper et al. / Sensors an

s related to the higher thermal stability of the SiCH CH2 double
ond compared to the Si H bond. Either placed at the end or in
he middle of the polymer chain, the SiCH CH2SiCH CH2 bonds
ave an enthalpy of (690 ± 4) kJ/mol (see Table 4.11 of Ref. [33]).
lternatively, to radicalize the vinyl group, dissociation energies
f (435 ± 21) kJ/mol for SiC → Si + C [34] and of (424 ± 1) kJ/mol for
H2 → CH + H [33] have been reported. The dissociation energy
f the Si H bonds is with an amount of (377 ± 13) kJ/mol sig-
ificantly lower [34]. Due to the highest dissociation energy of
462 ± 1) kJ/mol for the methyl side groups (see Table 4.11 of Ref.
33]), the thermal stability of PDMS is given by the termination
f the siloxane chain. Therefore, the lower temperatures for Si H
ompared to Si-vinyl bonds have to be exceeded so that bond cleav-
ge and cross-linking do occur. This coincides with the fact that
xidation rates during thermal treatment of Si H groups were
ound to be higher than the rates for the Si-vinyl groups [17,35].
he enhanced thermal stability of vinyl-terminated PDMS enables
he use of higher evaporation temperatures and hence complies

ore to the demand for high evaporation rates than hydride-
erminated PDMS. Israeli et al. have shown that the termination
ith phenyl groups improves the thermal stability of PDMS even

urther [36].
Consequently, the thermal evaporation of the PDMS has con-

trictions owing to the thermal stability of the polymer chains.
bove the temperature range at which the PDMS is stable, the phys-

cal and chemical properties change associated with the shift of
he molecular weight distribution [9]. The result depends on the
oncurrent rates of the decay and chain-linking processes within
he evaporator. For evaporation temperatures well below thermal
nstability one observes a constant growth rate, which only depends
n the source temperature. We  observed this behavior only for the
olymer with a low molecular weight of 6000 g/mol and within a
estricted period of time. Subsequently, we have found an asymp-
otic decrease of the growth rates that limits the film thickness to

 maximal value given by the choice of the source temperature.
n general, time-dependent growth processes with N particles are
escribed by a rate equation, often simply a differential equation
f first order:

d2N (t, T)
dtdT

+ 1
�
N (t, T) = 0. (5)

nder static temperature conditions of the evaporation source,
hich we can reasonably assume, integration over time leads to the

xponential behavior of N(t) with the number of particles near the
urface of the evaporation material Ns and the number of particles
n the evaporation material Nc.

(t) = Ns + Nc exp
(

− t
�

)
. (6)

t a source temperature below 180 ◦C only molecules with a molec-
lar weight much lower than the mean value and which are in the
urface region of the evaporation material can leave the source. We
ypothesize that the diffusion of the molecules does not compen-
ate for the molecule’s loss as the result of evaporation.

Thus, after the depletion of the particles with a relatively low
olecular weight localized near the surface of the evaporation
aterial, the diffusion rate within the polymer, characterized by

he time constant �, dominates the growth behavior. The diffu-
ion rate of polymers between bulk and surface region, described
y their viscosity, is inversely proportional to the molecular
eight; in other words the surface depletion decreases with

ower molecular weight. The evaporation rate, according to Eq.

3), is also inversely proportional to the molecular weight, thus
e expect that the low molecular weight polymers have been

vaporated faster. The ratio of the growth rates has been 3.7
imes higher for the polymer with molecular weight of 6000 g/mol
to the web  version of this article.)

compared to 28,000 g/mol. The time constant for surface deple-
tion, however, was found to be 2.6 smaller for the polymer
with molecular weight of 6000 g/mol compared to 28,000 g/mol.
Therefore, we conclude that the diffusion rate within the reser-
voir of polymer with molecular weight of 6000 g/mol is only 1.4
times higher compared to the polymer with molecular weight of
28,000 g/mol.

The discrepancy factor of 2.6 between the experimentally
obtained maximal film thicknesses can be explained by considering
the polydispersity of the evaporation material. The polymers we
were supplied with have molecular weight distributions (MWD),
which might be described according to the Flory distribution [37].
The probability for evaporation depends on the molecular weight
of the individual molecule. In typical situations, the evaporation
temperature is high enough that all molecules near the surface
can leave the crucible, independent of their weight. There might be
however conditions at which the smaller molecules are evaporated,
whereas the larger ones remain within the crucible. At an evap-
oration temperature of 120 ◦C we reasonably presume that such
thermal conditions are present for the polymers used. As a con-
sequence, we believe that the MWD  of the evaporated molecules
significantly differs from the polymers supplied and a depletion of
smaller molecules within the evaporation source causes the time
dependence described. In order to obtain a better understanding
of this phenomenon, one may  take advantage of the experimen-
tally obtained ratio of maximal film thicknesses of 2.6. Here, one
may  use an iterative approach to shift the MWD6000 of the sup-
plied polymer with molecular weight of 6000 g/mol to a reduced
average molecular weight Mred of the evaporated molecules, such
that the integral over this reduced MWDred (grey hatched area in
Fig. 7) is 2.6 times higher than the integral over the overlap of

MWDred with MWD28000. The ratio of evaporated particles is mainly
dependent on the derivation of the molecular weight distributions
MWDred and MWD28000, integrated in the range from the lowest
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ossible value (siloxane monomer: 88 g/mol) to the temperature-
ependent value Mi:

1
C6000

∫ ∞
88g/mol

(
P

M6000
M exp

[
− P
Mred

M
])

dM

1
C28000

∫ Mi
88g/mol

(
P

M28000
M exp

[
− P
M28000

M
])

dM + 1
C6000

∫ ∞
Mi

(
P

M6000
M

As the number of particles in the reservoir before evapora-
ion is expected to be equal, the MWDs  of the supplied polymers
re normalized by a factor of C6000 = 3750 and C28000 = 17,500.

e assumed that the polydispersity P of PDMS corresponded to
.6 as determined by single-molecule atomic force microscopy
38]. The solution of Eq. (7) leads to an average molecular
eight (1500 ± 15) g/mol of the evaporated PDMS with a nom-

nal molecular weight of 6000 g/mol and to (2800 ± 28) g/mol
or the evaporated PDMS with a nominal molecular weight of
8,000 g/mol. Here the error bars are given by the ratio of the exper-

mentally determined maximal film thicknesses.Accordingly, the
robability of evaporation for molecules above a molecular weight
f 7000 g/mol is negligible. We  computed that only 6.2% of the
olymer with a molecular weight of 6000 g/mol and 2.4% of the
olymer with a molecular weight of 28,000 g/mol evaporate at the
elected source temperature of 120 ◦C. These proportions explains
he growth rates, which are low compared to the desired rates in
he range of 1 �m per hour, and the depletion resulting in maximal
lm thicknesses of only a few hundreds of nanometers.

These thin films are therefore assumed to consist of molecules
ith a molecular weight between 88 and about 7000 g/mol. In order

o increase the film’s stability polymerization should be initiated.
olymerization of elastomer thin films, based on PDMS can be read-

ly reached through hydrosilylation or heat-induced cross-linking
eactions involving catalysts [12]. Alternatively the cleavage of the
unctional groups can also be realized by radicalization with UV
ight [13]. The radicalization of functional groups was  observed

ith MIR  spectroscopy and can be elucidated by assuming two
ain crosslinking paths. First, the extinction of the 1590 cm−1

bsorption band indicates that the double bond of the vinyl group
as activated under UV-radiation resulting in free highly reactive

onding sites on both sides of the double bond. These are expected
o end-link the single chains along these functional groups, either
onnecting at the free electron on the CH or the one on the
H2 side of the vinyl group. Obviously, these connections con-
ribute as an end-linking process to the extension of the polymer
hains. Entanglement occurs at chain lengths above 16,000 g/mol
s found by Al-Maawali et al. [38]. Thus, this chain length has to
e reached to create an entangled network. Second, as observed
y Graubner et al. [39,40], we detected a side reaction indicating
he radicalization of the methyl (CH3) side groups either by C H
r even Si C bond rupture. Under ambient conditions UV-excited
xygen interacts with radicalized Si C or C H bonds resulting via
ide reactions in a cross-linking of the polymer chains by Si O,
i bonds or SiCH2 CH2Si bonds to a three-dimensional network.
ased on the complete disappearance of the vinyl vibrations we
onclude that all the functional end groups were radicalized and
inked, whereas for the amount of cross-linked methyl side groups
nly a qualitative conclusion can be drawn.

The degree of polymerization should be reflected in the mechan-
cal properties of the film. Relying on the model of Mark et al.
he elastic modulus for end-linked polymer networks is higher for
ow molecular weight chains than for networks consisting of high

olecular weight polymer chains as the elastic modulus inversely

epends on the molecular weight [41]:

 = C�kT

Mw
. (6)
ators A 233 (2015) 32–41

[
− P
Mred

M
])

dM
= 2.6. (7)

In this equation, � = 0.97 g/cm−3 is the density of the PDMS net-
work at T = 298.2 K, k is the Boltzmann constant and the constant C
was determined to be 0.65 [41]. According to this model the elastic

modulus of the polymer DMS-V21 with a nominal molecular weight
of 6000 g/mol is expected to be 280 kPa. The measured elastic
modulus, determined by nanoindentation of a 4-�m, spin-coated,
UV-polymerized polymer, was  found to be (480.9 ± 0.2) kPa. This
result implies that not only chain end-linking throughout the vinyl
end groups occurs. Instead, as already proposed by the findings via
MIR  measurements, also cross-linking via the radicalized methyl-
groups along the PDMS chain takes place, which leads to a 1.7 times
higher elastic modulus than purely end-linked networks.

The elastic modulus of the MBD-grown DMS-V21 thin film was
determined to be (1685.8 ± 1.4) kPa. According to Eq. (6), this value
can be related to an average molecular weight of around 1000 g/mol
of polymers being evaporated. We note that nanoindentation mea-
surements contain a relative error of approximately 20% introduced
by the uncertainty of the cantilever spring constant. This uncer-
tainty is circumvented by comparing the ratios of elastic moduli
determined under similar measurement conditions instead of rely-
ing on absolute values. Thus we  can state that a much higher elastic
modulus of the evaporated, UV-polymerized DMS-V21 thin film
was found compared to the spin-coated, UV-polymerized thin film.
Using the considerations of Mark et al., we  estimated the aver-
age molecular weight of the evaporated polymer and calculated
a value of 1700 g/mol [41]. This conclusion coincides with the con-
siderations on the evaporation above. It should be mentioned that
the quantities obtained are rather qualitative, whereas the rea-
sonable hypothesis that the molecules with the lower molecular
weight preferentially evaporate perfectly explains the experimen-
tal results.For application purposes the most important property is
the functionality of the film within the actuator, which can be tested
using a cantilever as substrate. At an evaporation temperature of
150 ◦C a 200 nm-thin DMS-V21 film was  grown on an asymmetric
cantilever microstructure. The stress-strain transfer is comparable
to that of the 4-�m-thick, spin-coated EAP cantilever, but already
operates at actuation voltages below 12 V. Therefore, reducing the
EAP film thickness is promising for building actuators for medical
applications, including artificial muscles.

The maximal curvatures, represented in Fig. 7, correspond to the
expected bending moments of (1.25 ± 0.1) 10−7 Nm and (8.7 ± 7.8)
10−10 Nm for the 4 �m-thick polymer at a voltage of 500 V and the
200 nm-thin cantilever actuator at a voltage of 12 V, respectively.
Induced by gravity, these curvatures would correspond to bending
moments of (1.03 ± 0.05) × 10−7 Nm and (2.03 ± 0.12) × 10−8 m for
the 4 �m-thick and the 200 nm-thin cantilever actuators according
to the calibration measurement, described in Section 3.5. Thus the
efficiency, given as the ratio of the bending moments, was found to
be (80 ± 8)% for the 4 �m-thick actuator, which is in agreement
with the values published in literature for silicone-based DEAs
[2]. Using the same approach, we have found a surprisingly high
value of approximately 2300% for the 200 nm-thin EAP cantilever.
It shows that the 200 nm-thin EAP actuator has more than 23 times
higher actuation than expected. We  can relate this phenomenon to
the inhomogeneity of the polymer film, which contributes to the
theoretical bending moment in a quadratic manner.

The breakdown voltage of 60 V/�m for the 200 nm-thin DMS-

V21 film, compared to 120 V/�m for the 4 �m-thick Elastosil film,
also indicates a significant inhomogeneity of the thermally grown
film. We  attribute the inhomogeneity more to the incorporated
defects during UV-curing in atmosphere than to the MBD  process
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ig. 8. a) A schematic cross-section and top view of an asymmetric cantilever actua
n  a 25 �m-thick PEEK substrate is presented. The shape of the Au electrodes was  

he  photograph of the 200 nm-thin single-layer EAP actuator prototype is shown.

tself. In addition, the UV source used provides an inhomogeneous
llumination profile. Enabled through the higher mobility of the
ow molecular weight PDMS chains this led to a film thickness
hat is correlated with the irradiation intensity. This hypothesis
s proposed based on a visual inspection of the surface, seen on
he photograph in Fig. 8, and a statistical thickness measurement
ith 3D laser microscopy. An average thickness of (210 ± 60) nm
as found with ten measurement spots over the active area of the

antilever actuator.
Another contribution to this low breakdown voltage is expected

rom the diffusion of Au atoms into the polymer film, which was
ot part of the present study, but is known to have a dominant

mpact for nanometer-thin elastomer films. A further source of
ncertainty is the actual dielectric constant of the evaporated DMS-
21 film. Nevertheless, the breakdown voltage can compete with

he values of 70 V/�m obtained for matured silicones such as SVF5
42]. Assuming that the dielectric properties of the evaporated
MS-V21 thin film are comparable to the Elastosil film, a strain
f (5.8 ± 1.5)% was according to Eq. (1) applied to the DMS-V21
etwork at an operating voltage of 12 V. We  expect that the inte-
ration of UV-treatment into the high-vacuum environment and an
V-irradiation with a homogenous profile will significantly reduce

he defect density and, hence, enhances the breakdown voltage and
train level, respectively.

Regarding the repetition and hysteresis for up to 1500 actu-
tion cycles of such EAP cantilever actuators results, based on
icrometer-thick polymer layers, have very recently been pub-

ished [20], whereas the quantification of these parameters for
00 nm-thin film based EAP actuators is not quantified yet. For the
etermination of the curvature, however, we  repeated the mea-
urement for each data point presented for three times and did not
otice any superior hysteresis.

. Conclusion and Outlook

Molecular beam deposition of vinyl-terminated, siloxane-based
olymers has been successfully shown, permitting the fabrication
f nanometer-thin polymer films for single-layer EAP actuators.
ctuation voltages smaller than 12 V were well below the approved
edical limit and illuminate the key advance of these thin-film

ctuators making them promising candidates for biomimetic artifi-
ial muscles. MBD  process control was realized by temperature and
ass regulation of the utilized polymer. The choice of the polymer
hain length allows the growth process as well as the resulting thin
lm elastic properties to be tailored. We  have shown that the chain

ength defines the network density and therefore the stiffness of
he polymer network. Via the polymer molecular weight also the
nsisting of a PDMS-film embedded between two  10 nm-thin Au electrodes, placed
ed via a mask applied during the sputtering process as described in Section 2.4. b)

depositions rates and maximal realizable film thicknesses can be
regulated. With lower molecular weight polymers higher deposi-
tion rates were realized leading to polymer films with a thickness
of hundreds of nanometers.

The termination with functional groups at the polymer chain
influences the thermal properties of the polymer. The main limi-
tation constitutes the thermal stability of the polymer in use [43].
We proved studies on PDMS with different termination, showing
that a vinyl-termination enhances the thermal stability compared
to hydride termination [17]. For further improvement, phenyl ter-
mination was  proposed by Israeli et al., which offers the possibility
of using evaporation temperatures above 180 ◦C and to achieve
growth rates faster than 1 �m/h  [36]. Combined with a homogene-
ity of better than 2%, the MBD  of polymers allows for a reliable and
repeatable growth process for stacked actuators, as needed to reach
the desired actuation forces for artificial muscles. Once a multi-
layer growth process is successfully established, nanometer-thin
EAPs will address further applications in the field of biomimetics
and robotics with a simplified energy supply as well as a reduced
health risk. Proposed as artificial muscles dielectric EPA actuators
exhibit strain levels well above 30% within the range of milliseconds
response time [4] compared to less than 10% strain within a higher
response time of a few seconds for stacked nematic elastomers [44].
Even state-of-the-art, tunable optics, based on relaxor ferroelectric
actuators with driving voltages ranging from 40 to 500 V [45], could
be replaced by low-voltage EAP actuators.
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