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Abstract: This paper focuses on the electromechanical properties of novel sub -micron compliant
metallic thin film electrodes for dielectric elastomer membranes. Electrodes with thicknesses within
the range 10-20 nm and different residual stress states are explored. Both pure nickel films and
sandwiches of nickel (Ni) and carbon (C) are deposited by DC magnetron sputtering onto prestretched silicone elastomer membranes. Both 37.5 % biaxial pre-stretch and 57.5% uniaxial prestretch under pure shear condition (PSC) are considered in the conducted investigation. After the
coating process is completed, the elastomer is allowed to relax. In the contracted configuration, it
exhibits a wrinkled surface. After this stat e is reached, the electromechanical characterization is
performed. All types of films reveal a low initial resistance (around 100 Ω/square). Depending on
the kind of pre-stretch and the electrode material, a strain of 100 % without any major degradation
is achieved. It is also shown how the residual stress of the layers can be influenced by suitable
sputtering parameters. As a result, low residual film stress significantly improves the
electromechanical properties of PSC pre-stretched elastomers, but have only minor influence on the
biaxially pre-stretched ones, regarding the Ni and the Ni+C thin films. This phenomenon is directly
connected to the failure mechanisms observed on the two types of pre-stretched membranes. With
reversed layer order, i.e. C+Ni electrodes, the residual stress state of Ni does not influence the
electromechanical properties for both, the biaxially pre-stretched and the PSC pre-stretched coated
membranes. The results are of fundamental importance for understanding the role of residual
stresses for the creation of electromechanically stable and highly conductive electrode films, to be
used in DE applications.
Keywords: metallic electrode; compliant electrode; electroactive polymer; dielectric elastomer;
sputtered thin film; wrinkles; pre-stretch;

1. Introduction
Dielectric elastomer (DE) transducers represent a unique class of sensors and actuators that
combine many interesting features, such as large deformation, lightweight, silent operations,
scalability, and energy efficiency, amongst others [1,2].
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A DE can be interpreted as a flexible capacitor consisting of a flexible polymeric membrane
sandwiched by two compliant electrodes [3]. The application of a few kilovolts results in an attraction
of the electrodes, accompanied by a simultaneous in plane expansion of the polymeric membrane.
The electro-mechanical compressive stress induced on the membrane is described by the Maxwell
stress Max, given as follows:
𝑉 2

𝜎𝑀𝑎𝑥 = 𝜀𝑟 𝜀0 ( ) ,
𝑑

(1)

with the relative permittivity εr, vacuum dielectric constant ε0, voltage V, and distance between the
electrodes d [4].
The electrodes are of crucial importance regarding the functionality of the DE. They have to be
soft and highly conductive even at high strain levels up to 100 %. Furthermore, patternability and
stretchability are required [5]. Usually, carbon black electrodes, i.e., a mixture of carbon and silicone,
with a thickness of several µm, are used to obtain soft and stretchable electrodes. Such types of
electrodes, however, exhibit a relatively high initial resistance of around 50 kΩ per square [6].
Metallic thin film electrodes with a thickness in the nm- range provide better conductivity in the order
of 100 Ω per square, however they stiffen the system and have only limited elasticity. Scientists tried
to overcome these drawbacks by creating corrugated [7] or wrinkled surfaces [8], by generating
stretchable zig-zag [9], meander [10] or kirigami structures [11], or by applying sophisticated
manufacturing methods such as ion implantation [12].
This study focuses on sputtered wrinkled metallic electrodes, a well-known principle in the field
of flexible electronics [13,14]. In here, an either biaxially or under pure-shear condition uniaxially
(PSC) pre-stretched silicone membrane is sputter coated with either a pure nickel thin film or a
sandwich consisting of nickel and carbon with a thickness of 10 nm or 20 nm respectively. After the
deposition process, the membrane is allowed to relax whereby a wrinkled metallic electrode is
obtained. These wrinkles act as mechanical buffer when a strain is applied during actuation.
Electromechanical tensile tests are performed to characterize the thin film electrodes. The influence
of the residual stress state of the respective thin film electrode on the electromechanical properties of
the DE is also clarified. The material selection of nickel and carbon is motivated by our own previous
research on compliant electrodes [15] and sensor thin films [16,17].
2. Materials and Methods
In this work, Wacker Elastosil 2030 with a thickness of 47.5 µm ± 5 % is used as silicone
membrane (PDMS membrane). The membrane is sputter coated in a pre-stretched state. Either a
37.5 % biaxial pre-stretch or a 57.5 % uniaxial pre-stretch under pure-shear conditions (PSC) are
considered in this paper. As soon as the pre-stretch is applied, the silicone film is placed on a metal
rack, dedusted with deionized air , and then coated in the vacuum chamber. A mirror -like surface is
obtained after the sputtering. By carefully removing the silicone from the rack after the coating, the
membrane is allowed to relax. It shrinks to its initial dimension , thus forcing the metallic thin film to
form wrinkles. Depending on the type of pre-stretch, an aligned wrinkle structure (PSC pre-stretch)
or a random wrinkle orientation (biaxial pre-stretch) is obtained (cf. Figure 1 ).
The coating is performed in a 45×45×45 cm³ vacuum chamber from the company CCR. The
chamber is equipped with a turbo molecular pump, a downstream throttle valve (VAT), and two
heads for magnetron targets with a diameter of 127 mm. One head carries a nickel target, while the
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Figure 1: Proce ss steps of manufacturing the die le ctric e lastomer membranes: a pre -stretched silicone
me mbrane is fixe d on the metal frame and then coated. Afte rwards, the membrane is allowe d to relax,
and a wrinkle d surface is achieved.

other one a carbon target. The samples are placed with a sample to target distance of 45 mm on a
movable carrier. The chamber has no load lock, hence it is vented with nitrogen after every process.
Once the vacuum chamber is evacuated to a background pres sure less than 1×10-5 mbar, three purgepump cycles with argon to a pressure of 1×10-1 mbar are executed, to ensure clean sputtering
conditions. Then, argon (purity 99.999 %) is let into the vacuum chamber with a constant flow of
15 sccm. The process pressure is controlled in the range between 1.5 µbar and 36 µbar, thanks to
appropriate setting of the throttle valve. When the process pressure is adjusted, the first target is presputtered for 1.5 minutes with 300 W DC power. Then, the sample is transferred under the target for
the coating process. After a certain process time, the sample is removed again. If a sandwich layer is
desired, the procedure is subsequently executed in the same manner at the second target.
The thin films are deposited on both surfaces of the PDMS, by applying cross-shaped shadow
masks rotated against each other by 180 degrees (see Figure 2). The long cross bar (10 mm×50 mm)
represents the active area to be examined, while the perpendicular bars serve as electrical contacts.
Three types of electrodes are researched in this study. Pure nickel thin films with a thickness of 10 nm
or a bi-layer sandwiches, with an overall thickness of 20 nm, consisting of carbon (10 nm) and Ni
(10 nm), are manufactured. Both electrode layer sequences, Ni+C as well as C+Ni, are investigated in
this study. Due to different deposition rates of nickel and carbon, th e 10 nm thick Ni-layer
corresponds to a sputter time of 5 sec, whereas 60 sec is needed to achieve a 10 nm thick carbon layer.
Further details on the manufacturing process are given in [15].
The residual stress state of the deposited thin films is examined on glass slides. Glass slides are
sputter coated, and the curvature of the slides is measured before and after the coating process. The
residual stress of the deposited thin film can then be calculated with the aid of the Stoney equation
[18,19]:
𝜎𝑅 =

ℎ2
𝑠

1

1

6 ( 1−𝑣𝑠) ℎ 𝑓 𝑅

𝐸𝑠

𝑅0

( −

),

(2)

with the Young’s Modulus of the substrate Es, the Poisson ration of the substrate vs, the thickness
of the substrate h s, the thickness of the film h f, the initial radius of the glass slide R0, and the radius of
the glass slide after the sputter coating R.
The radius of the glass slides is determined by means of a white light profilometer Microprof
from the company FRT. The surface profile of the slides is measured with a line scan. Then, the
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software fits a section of a circle to the 2D profile, and
calculates the corresponding radius of curvature. Overall,
nickel layers produced at 13 different process pressures in the
range between 1.5 µbar and 36 µbar are investigated. The
sputter time of 45 sec, the power of 300 W DC, and the sample
to target distance of 45 mm are kept constant for this series of
experiments. For each pressure level, the residual stress is
calculated and plotted as a function of the process pressure. A
fit of the measured data is then performed with OriginLab.
A direct thickness measurement of the thin film electrode
on the soft and transparent PDMS is not possible. Hence, the
thickness of the layers is determined by means of the
deposition rate of the respective target materials. A sputter
deposited thin film of either carbon or nickel is created on
glass slides, with a small cover glass in the center to produce
Figure
2:
Te nsile
test
a step with the thickness of the film. The deposited thin film
arrangement.
is produced with the same sputter conditions as those used
for manufacturing the DE membranes. Then, this step is
measured ascending and descending with a Dektak 150 tactile profilometer. The deposition rate is
calculated from the step height and the corresponding sputter time. The associat ed linear fit is done
by OriginLab. For carbon, a series of coatings with sputter times between 0 and 5 min are performed
at a process pressure of 1.5 µbar. For nickel, sputter times between 0 and 2 min were chosen with
pressures of 1.5 µbar and 18 µbar, respectively.
Both PSC and biaxially pre-stretched membranes, coated on only one side with either Ni, Ni+C
or C+Ni thin film electrodes, are tested on a uniaxial tensile tester. For each type of electrode, both
electrodes with nickel thins films deposited at high and low process pressure are manufactured and
examined. The schematic test arrangement is shown in Figure 2. (for a detailed description of the
tensile tester, the author may refer to [20]). With the tensile direction being perpendicular to the long
side, and a length to width ratio of the active area equal to 5:1, the uniaxial tensile test can be
interpreted as a pure shear tensile test [21]. The transverse contraction is negligible. During the tests,
a LCR meter (Hameg MH8118) is used to measure the resistance versus the applied strain. Starting at
0 % strain, the strain level is increased stepwise with a complete strain release between the steps.
Every strain level is kept constant for 25 seconds, and the electrical resistance is recorded and
averaged over time. The averaged resistance is then plotted as a function of the corresponding strain.
An increment of 10 % is chosen up to an absolute strain of 30 %, followed by an increase of 5 % up to
the electrical failure (defined to be 100 kΩ in this study). Two smaller steps of 2.5 % strain increments
are also included around the level of pre-stretch.

3. Results and discussion
3.1. Deposition rate
The result of the deposition rate analysis is shown in Figure 3. The deposition rate of carbon is
0.16 nm per second, so 10 nm of a thin carbon film is produced in about one minute. Nickel layers
sputtered at two very different process pressures (1.5 µbar and 18.1 µbar) have comparable
deposition rates of 2.55 nm/sec and of 2.59 nm/sec, respectively. In both cases, although they differ
greatly in their residual stresses (see below), the actual thickness of nickel thin films produced in five
seconds is slightly lower than the theoretical thickness calculated by the dep osition rate. This is
related to the process control during the manufacturing (for further details see [15]). In general, the
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deposition rate is dependent from several
parameters such as the process pressure, the target
to substrate distance, the vacuum chamber, and the
deposition power, amongst others [22–24]. It
increases first with a higher process pressure, due to
a rise of the number of ions [24]. With a further
increase of the process pressure, the probability of
an expelled atom to reach the substrate decreases
due to interatomic collisions and back diffusion
[22,24]. These two competing processes could be
responsible for the obtained results, i.e., the
deposition rate for both Ni-processes are hardly
distinguishable.
Figure 3: De position rate analysis of
C and Ni is showe d he re . The
de position rate of C is 0.16 nm/s

3.2 Residual stress analysis

In Figure 4, the measured data of the residual
(black curve ). The rate of Ni is 2.55
stress analysis and the corresponding fit is plotted as a
(re d) and 2.59 nm/s (blue curve),
function of the process pressure. All measured stresses
de posite d at the diffe rent pressures of
are tensile residual stresses. These curves are shaped
1.5 µbar and 18.1 µbar re spectively.
similarly to a concave parabola, which starts with a
local minimum of 75 MPa at around 1.5 µbar, followed
by an increase of the residual stress up to 917 MPa at 18 µbar. Then, the residual stress drops again
to 208 MPa at 36 µbar. These results are based on equation 2 with a Young’s modulus (of glass) of
64 GPa [25], a Poisson ratio of 0.2 [25], a thickness of the glass slides of 0.5 mm, and a film thickness
of 115 nm. The difference of film thickness between a Ni (low stress) and a Ni (high stress) layer due
to the different deposition rate is 2 nm. For the interpretation of the residual stress state of the
examined thin films, this thickness deviation is negligible.
Ni (high stress) layers have a good adhesion on glass slides, as shown in previous tests. Hence,
for the examination of the series of nickel electrodes, 18.1 µbar was first chosen as process pressure.
It could be observed, however, that the Ni (high stress) layers tend to form cracks when deposited
onto PSC pre-stretched membranes. By depositing Ni (low stress) electrodes, sputtered at 1.5 µbar
on silicon membranes, the crack formation can be avoided completely. However, the nickel thin film
manufactured at 36.3 µbar is still prone to crack formation on silicone. Based on this observation, the
residual stress study focuses on the Ni (low stress)
films deposited at low process pressures.
Regarding the wrinkle formation after the
relaxation of the electrodes with low stress nickel
and high stress nickel, no significant optical
differences can be observed.

3.3 Resistance vs. strain measurements
The resistance versus strain for Ni, Ni+C, and
C+Ni thin film electrodes, deposited on either
biaxially pre-stretched or
PSC-pre-stretched
membranes, is illustrated in Figure 5. In the first
row (Figure 5 a, b and c), the results of the biaxially
pre-stretched silicone membrane are shown,
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Figure 4: Te nsile re sidual stre ss ve rsus
proce ss pre ssure (black curve ) and the
corre sponding polynomial fit.
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Figure 5: Re sistance me asurements vs. strain re sults. Biaxially pre -stretched (a,b,c) and PSC pre stre tched me mbranes (d,e ,f) are coated with diffe re nt type s of thin film e le ctrodes. Each type of thin
film is de posite d with high and with low re sidual stress and the re sults are compared graphically.
Eve ry colore d cluster represents at le ast three specimens.

whereas PSC pre-stretched silicone is represented in the second line (Figure 5 d, e and f). Each column
depicts the results of one type of thin film, starting from pure nickel (Figure 5 a and d), followed by
Ni+C (b and e), and then C+Ni (c and f), when moving from left to right. Each graph contains two
colored areas, representing the data family of at least 3 specimens of the corresponding thin film type.
The maximum and the minimum values of the series of the examined type of electrode frames the
colored area.
Overall, there are some characteristics that are independent of the residual stress state. For all
layer combinations, the threshold of the resistance increase is located at stra in levels above the
respective level of pre-stretch (LoP). For the biaxially pre-stretched membranes, this threshold is
shifted to higher strain levels with respect to the corresponding LoP. Furthermore, the resistance
increase on biaxially pre-stretched membranes is more gradual, while electrodes deposited on PSC
membranes show a fast and steep increase of the resistance above the LoP. This phenomenon is
related to the difference of the failure mechanisms of the two types of pre-stretch. If a low resistance
is needed at high strain levels, a pure Ni thin film can be used on biaxially pre-stretched membranes,
whereas on PSC membranes the C+Ni electrodes gives the best results. These results obtained here
for Ni layers correspond to the trends of the previous NiCr study [15].
From the results, it can be concluded that both the different thin film configuration and the type
of pre-stretch are influenced in different ways by the residual stress state of the electrodes. Ni and
Ni+C reveal the same characteristics. On foils with a biaxial pre-stretch, the residual stress state of the
electrode does not influence the resistance curve at high strain levels. The width of the colored region
is narrowed for the low residual stress specimen. The maximum curves of both the low and the high
residual stress layer are congruent, though. When a low stress layer is manufactured onto membranes
pre-stretched under PSC conditions, the threshold of the resistance increase can be shifted towards
higher strain levels.
The different failure mechanism of the biaxially and PSC pre-stretched membranes is
responsible for the different results. When the biaxially pre-stretched membrane is allowed to relax
after the coating, a wrinkled surface with a random wrinkle orientation is obtained. A PSC membrane
exhibits aligned wrinkles after relaxation. During the strain tests, this aligned structure is unfolded
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and flattened. When the LoP is reached, a perfect ly flat electrode surface is obtained in theory. By
exceeding the LoP cracks in the metallic electrode can be created, which can easily propagate through
the flat surface. Hence, few but large cracks are responsible for the drastic resistance increase. In this
case, the intrinsic residual stress of the electrode directly influences the driving force for the crack
formation. A high residual tensile stress promotes crack formation and propagation. With low
residual stress, on the other hand, crack formation is delayed and the threshold is shifted to higher
levels of strain. A biaxially pre-stretched membrane is only partially flattened during a uniaxial
tensile test. Even at strain levels above the LoP, wrinkles parallel to the strain direction are still
present. The remaining wrinkled structure leads, during a tensile test, to an inhomogeneous stress
distribution over the surface. Once a crack is created, it is not able to propagate through the whole
electrode in one step, since it stops when it crosses wrinkles oriented perpendicular ly to the crack
growth direction. Hence, a huge number of small cracks is present. In general , this is advantageous
when a low resistance at high strain is desired [26]. This phenomenon of intrinsic impediments of
crack propagation was shown before on coated surfaces with different roughnesses [27]. The results
of the mentioned study could easily be assigned to a randomly wrinkled surface. For biaxially prestretched membranes, the failure mechanism dominates over the residual stress state.
A Ni+C electrode consisting of a nickel layer with low stresses on PSC pre-stretched silicone
exhibits an degradation at strain levels 10% higher, compared to the Ni+C electrode with high
residual stresses (see Figure 5 d). Regarding the pure nickel electrodes on membranes with a PSC
pre-stretch, replacing the high stress nickel by a low stress nickel thin film provides an enhancement
of almost 30 % (compare Figure 5 e). In our study, only the residual stress of the Ni layer is
investigated. The properties of the carbon layers are the same for all measured sandwich electrodes.
The performance of the Ni+C electrode is determined by the interaction of both thin film layers, and
not only by the nickel thin film. Therefore, the change in the properties of sandwich Ni+C layer i s not
as obvious as the drastic change of a pure nickel electrode.
If Ni is deposited as a top layer on a carbon layer, i.e., a C+Ni sandwich (Figure 5 c and f), then
the residual stress of the nickel layer does not influence the resistance at high strain levels. The carbon
bottom-layer somehow absorbs the high residual stress of the nickel layer. In that case, a reduction
of the residual stress of the nickel top layer does not lead to any further improvement, but also to no
degradation of the electromechanical properties. The exact mechanism of how carbon works has not
been clarified yet, and will be part of the investigation for future research.

4. Conclusion
Based on the conducted study, it can be concluded that t he reduction of residual stresses of a
thin film electrode can improve, under certain circumstances, the electromechanical properties of a
DE membrane. For biaxially pre-stretched membranes tested under pure shear conditions, the
resistance increase is solely dominated by the failure mechanism of the randomly oriented wrinkles,
and not by the residual stress state of the compliant electrode. Regarding the electromechanical
properties, neither benefits nor drawbacks are observed in case of low -stress nickel layers. The same
is true for sandwich layers if Ni is the top-layer. In that case, the carbon bottom layer absorbs the
residual stresses of the top-layer. For membranes, both pre-stretched and tested under pure shear
conditions, the residual stress reduction of the nickel layers results in a shift of the resistance increase
towards higher strain levels. The strain threshold is thus enhanced by almost 30 % for pure nickel
electrodes. Thus, electrodes with low residual stress states offer the chance of improving the
electromechanical properties. Furthermore, the process parameters which are applied to obtain films
with low stresses, avoid crack formation during sputtering. Hence, it is highly recommended to use
thin films with low residual stresses for all kind of DE applications.
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