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Summary

To convert electric energy into mechanical motion dielectric elastomer actuators
(DEASs) are known for their high strains combined with low power consumption.
Based on micrometer-thick elastomer films DEAs are an established technology to
serve as artificial muscles for soft robotics. The ‘Smartsphincter’ project aims to
develop artificial muscles to treat fecal incontinence. However, to use DEAs as med-
ical implants, operation voltages have to be reduced from the kV-range well below
the medically approved limit of 42 V. Hence, this work pursues the fabrication of
nanometer-thin elastomer layers to enables the low-voltage operation of DEAs. To
guarantee the acceptance as medical implant DEAs are composed of biocompatible
materials. The excellent elasticity of cross-linked polydimethylsiloxane (PDMS) in
combination with its biocompatibility renders PDMS the polymer of choice for a
large range of medical applications, including DEAs. Due to its inherent chemical
inertness combined with outstanding conductance, Au is considered as biocompati-
ble electrode. Organic molecular beam deposition (OMBD) is a versatile technique
employed to produce nanometer-thin films with unique homogeneity, however, for
polymer material OMBD faces the challenge of evaporating oligomers at a reasonable
rate at temperatures well below thermal degradation.

Herein, we present thermally evaporated linear PDMS serving as thin polymer films
with a tailored molecular weight distribution (cp. Section. Limited by in-
termolecular interactions between the methyl side groups, molecular weights of up
6.000 + 100) g/mol corresponding to up to 80 repeating units of dimethylsiloxane are
evaporated before thermal degradation. The functional group density per repeating
unit dimethylsiloxane is adjusted between (2.84+0.2)g/mol and (11+£0.1)g/mol.
These thermally evaporated PDMS fractions exhibits a narrowed MWD with poly-
dispersity index (PDI) of 1.06 +0.02 compared to the highly dispersive supplied
polymer. The low PDI enables precise definition of functional group density antic-
ipated to qualify for functionalized surfaces of biomedical devices e.g. microfluidic
applications or tailoring cell-polymer interactions. Furthermore, we highlight the
evaporation of high molecular weight PDMS chains to be of great importance to
realize low elastic modulus cross-linked thin elastomer films .

Cross-linking of these PDMS macromolecules is activated through ultraviolet (UV)
radiation, which induces a photo-initiated reaction of radicalized functional vinyl
terminations. Nano-indentation and infrared spectroscopic studies clarify the un-
derstanding of the cross-linking mechanism in section[2.2]and section2.4, Due to the
strong absorption coefficient of PDMS in the UV-range, the cross-linking density is
increased within the first nanometers of the film compared to the bulk indicating
a skin-like SiO, surface. This stiffened silica-like surface combined with heat input
through UV irradiation results in isotropic distributed wrinkled surface microstruc-
tures. Magnetron-sputtered gold coatings can release these wrinkled microstruc-
tures, which is accounted for a pre-stretching of the Au/SiOy/PDMS heterostruc-
ture. This suggests these heterostructures to qualify for stretchable electronics.
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One straightforward approach for increased electrode flexibility is a reduced metal-
film thickness, which is applicable for gold films above 10 nm revealing the drawback
of reduced conductivity (cp. section[2.2). Regarding DEA-based artificial muscles,
strains higher than 10 % with maintained conductivity are needed to provide millisec-
ond response time. As an important milestone within the ‘SmartSphincter‘-project
an OMBD system was setup, combing the deposition of metal and polymer as well
as the UV-polymerization. Simultaneous in situ spectroscopic ellipsometry (SE)
monitoring paves the way to tailor soft multilayer metal/elastomer heterostructures
on the nanometer scale (cp. section[2.5]). Synthesized bi-functional thiol-terminated
PDMS was specifically tailored concerning the MWD for thermal evaporation to
serve as self-assembled adhesion monolayer (SAM) for gold. It is hypothesized that
the SH-PDMS chains and the subsequently evaporated Au form a viscous com-
posite. Cross-linked to the underlying PDMS membrane, the SH-PDMS induces
stability, which permits the generation of confluent Au films with a thickness as
low as (124 1)nm. We demonstrated a remarkably reduced percolation threshold
at a film thickness of (4.4+0.3)nm if a nanometer-thin wrinkled Cr-interlayer is
applied to the PDMS membrane. Our results suggest a dramatic improvement to-
wards homogeneous Au growth on soft PDMS membranes. We claim the specifically
tailored hetero nanostructures to retrieve some flexibility under strain due to either
localized covalent gold-thiol bonds or pre-stretched nanometer-thin Cr-wrinkles, es-
pecially beneficial for soft and strechable nanoelectrodes.

To proove the envisioned concept a single layer DEA is presented (cp. section.
Manufactured on a 25 pm-thick polyetheretherketone (PEEK) cantilever the bending
characteristic gave evidence of a maintained actuation efficiency for a 200 nm-thin
film, activated with voltages from 1 to 12V, compared to a 4 pm-thick, spin-coated
film, operated between 100 and 800 V. The force of this 200 nm-thin film cantilever
actuator was about 10~*N. Thus, a multilayer DEA with more than 10* layers would
reach forces comparable to natural muscles.

To tackle the major drawback of OMBD, exhibiting evaporation rates limited be-
low 0.1nm/s, a cooperative study with the EMAP in Diibendorf aimed to vali-
date alternate current electro-spray (ACES) as a cost-effective growth technique for
nanometer-thin PDMS films. As presented for OMBD, in situ SE real-time analysis
approved ACES to qualify for DEA manufacturing (Florian Weiss et al., see publica-
tion list) permitting deposition rates above 10 um/h. However, at these growth rates
we obtained rather free-standing islands than a confluent film formation resulting in
micrometer-rough surface morphologies. Thus, the outstanding homogeneity with
sub-nanometer surface roughness accentuates OMBD better for soft nanotechnology.

Combining OMBD self-assembly with SE real-time tailoring of the electronic and
optical properties allows the manufacturing of the nanometer-thin heterostructures
with a unique precision. Soft, transparent, and biocompatible hetero-nanostructures
based on electrically activated polymers are applicable to bio-MEMs, in nano-
photonics as soft tuneable gratings or plasmonic absorbers, and flexible electron-
ics. We propose a high impact for these nanostructures developing DEAs towards
low-voltage operation. As unique property, sensing and actuating can be achieved
concurrently within the same DEA hetero nanostructure. The fabrication of bio-
compatible actuator/sensor structures with compliance similar to that of human
tissue is key to mimic natural muscles for biocompatible implants or soft robotics.
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Zusammenfassung

Dielektrische Elastomer-Aktuatoren (DEA) sind bekannt fiir ihre hohe Flexibili-
tat und zusammen mit ihrem geringen Energieverbrauch eignen sie sich besonders
fiir die Umwandlung von elektrischer Energie in mechanische Arbeit. Basierend auf
mikrometerdicken Elastomerschichten haben sich DEAs vor allem im Bereich von
Robotik als kiinstliche Muskeln etabliert. Das ‘SmartSpincter‘-Projekt zielt darauf
ab, die nattirliche Muskelfunktion auf DEA-Basis zu imitieren und smarte Implan-
tate zur Behandlung von Inkontinenz herzustellen. Um DEAs aber als medizinische
Implantate einzusetzen zu konnen, muss die Betriebsspannung aus dem kV-Bereich
unter das medizinisch akzeptierte Limit von 42V reduziert werden. In dieser Arbeit
wird der Ansatz der Schichtdickenreduktion in den Bereich von hunderten von Na-
nometern verfolgt um die Betriebsspannung auf wenige Volt zu reduzieren. Um die
medizinische Akzeptanz zu garantieren, miissen biokompatible Materialen verwendet
werden. Die exzellente Elastizitat im vernetzten Zustand kombiniert mit Biokom-
patibilitat macht Polydimethylsiloxane (PDMS) zum Polymer der Wahl fiir eine
Vielzahl an medizinischen Anwendungen. Wegen seiner chemischen Widerstands-
fahigkeit und der besonderen Leitfahigkeit wird Gold von uns als biokompatibele
Elektrode eingesetzt. Organische Molekularstrahldeposition (OMBD) verspricht eine
vielseitige Methode fiir Polymerdiinnfilme, jedoch steht sie vor der Herausforderung
diese mit angemessenen Wachstumsraten innerhalb ihrer thermischen Stabilitdt zu
verdampfen.

Wir demonstrieren das kontrollierte Wachstum von thermisch verdampften PDMS
mit maBgeschneiderter Molekulargewichtsverteilung (MWD) (section[2.4). Durch Van-
der-Waals Wechselwirkungen zwischen Methyl Seitengruppen der PDMS-Ketten li-
mitiert, wurden Molekulargewichte von bis zu (6.000 £ 100) g/mol, korrespondierend
zu 80 dimethylsiloxane Wiederholungseinheiten, vor ihrem thermischer Zerfall ver-
dampft. Der Anteil funktioneller Gruppen pro Wiederholungseinheit dimethylsilox-
ane konnte zwischen (2.8 +£0.2) g/mol und (11+0.1) g/mol justiert werden. Vergli-
chen zum bereitgestellten Original-PDMS haben die verdampften PDMS Fraktionen
eine verschmiélerte Molekulargewichtsverteilung (MWD) mit einer Polydispersitét
(PDI) von 1.06+0.02. Diese geringe Polidispersitéit ermoglicht es, die Dichte der
funktionellen Gruppen prazise zu definieren, sodass sich PDMS Diinnfilme dazu qua-
lifizieren, funktionalisierte Oberflichen fiir biomedizinische Gerate, beispielsweise
mikrofluidische Anwendungen oder fiir Zell-Polymer Wechselwirkungssexperimente.
Zudem ist das erfolgreiche Verdampfen von hohen PDMS-Molekulargewichten mit
mehr als 80 dimethylsiloxane Wiederholungseinheiten von grofler Bedeutung, um
kleine Elastizitdtsmodule fiir polymerisierte PDMS-Diinnfilme zu realisieren.

Durch photoinitierte Radikalreaktion, basierend auf ultraviolettem (UV) Licht, wur-
de das Vernetzen dieser PDMS Makromolekiile iiber die funktionellen Vinyl-Gruppen
induziert. Eine detaillierte Atomkraftmikroskopie Studie zusammen mit infraroter
Spektroskopie verdeutlicht den Vernetzungsmechanismus in section2.2] and secti-
on[2.4] Wegen des hohen Absorptionskoeffizienten bei dieser Wellenlénge ist die Ver-
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netzungsdichte von PDMS in den ersten Nanometern der Schicht hoher, verglichen
mit dem darunterliegenden PDMS Film, was auf eine filmartige SiOy Oberflache
zuriickzufiihren ist. Diese SiOg-artige Oberflédche fithrt zusammen mit dem Warme-
eintrag zu einer isotropisch-gefaltenen mikrostrukturierten Oberfliche. Magnetron-
gesputterete Goldfilme konnen diese Faltenstrukturen wieder relaxieren was durch
eine Art vorgespannte Au-SiO,-PDMS Heterostruktur erklérbar ist. Das wiirde diese
Heterostrukturen ausgesprochen fiir flexible Elektronik qualifizieren.

Ein unkomplizierter Ansatz fiir erhohte Elektrodenflexibilitdt ist, die Schichtdi-
cke des Metallfilms zu verringern (section[2.3)). Dieses Prinzip ist fiir Goldfilm-
dicken oberhalb von 10nm limitiert und geht einher mit sinkender Leitfdhigkeit.
Beziiglich DEA-basierten kiinstlichen Muskeln werden allerdings Dehnungen ober-
halb von 10% mit gleichbleibender Leitfahigkeit vorausgesetzt um die Reaktion
im millisekunden Bereich zu garantieren. Als wichtiger Meilenstein innerhalb des
‘SmartSphincter‘-Projektes wurde eine OMBD Kammer installiert, welche das Ver-
dampfen von Polymer, Metallen, sowie die in situ UV-Behandlung der PDMS Schich-
ten gleichzeitig ermoglicht. Simultane Echtzeitiiberwachung des Wachstums mit
spektroskopische Ellipsometry (SE) ebnet den Weg um multi-lagige Metall /Elastomer
nanometer-diinne Heterostrukturen maBzuschneidern (section[2.5]). Bi-funktionales
thiol-PDMS (SH-PDMS) mit zugeschnittenem Molekulargewicht wurde syntheti-
siert um als selbstorganisierte monolagige (SAM) Adhesionsschicht fir Gold zu die-
nen. Es ist anzunehmen, dass diese Schicht von Goldclustern eingebettet in die 7 nm-
diinne unpolymerisierte SH-PDMS Schicht eine viskose Matrix formen. Bei gleichzei-
tiger UV-Beleuchtung der SH-PDMS Schicht wahrend der Golddeposition ergaben
sich geordnete kovalente Au-S Bindungen, welche stabilisiert werden durch Vernet-
zung der SH-PDMS Ketten mit der darunterliegenden PDMS Membran. Schlieflen-
de Goldfilme werden dann schon ab einer Schichtdicke von (124 1)nm erreicht.
Eine bemerkenswerte Verringerung der Perkolationsschwelle wurde bei einer Gold-
filmdicke von (4.4 £ 0.3) beobachtet, wenn gefaltene Cr-PDMS Heterostrukturen als
Adhesionszwischenschicht angewendet werden. Unsere Resultate zeigen eine bemer-
kenswerte Verbesserung in Richtung eines homogenen Goldwachstums auf PDMS
Diinnfilmen. Wir behaupten, dass die Flexibilitat der eingefithrten Heterostrukturen
unter Dehnung, entweder durch lokalisierte kovalente Au-S Bindungen oder durch
vorgespannte Cr/PDMS Faltenoberflichen, erhalten bleibt.

Um das vorgestellte Konzept von Diinnfilmaktuatoren zu evaluieren, wurde ein di-
elektrischer Einzelschichtaktuator realisiert (cp. section[2.4]). Fabriziert auf einem
25 nm-dicken polyetheretherketone (PEEK) Biegebalken ergab sich eine gleichblei-
bende Aktuationseffizienz fiir einen 200 nm-diinnen Aktuator, welcher zwischen 1
und 12V betrieben wurde, verglichen zu einem 4 pm-dicken Aktuator, welcher zwi-
schen 100 and 800 V betrieben wurde. Dieser Aktuator, basierend auf einem 200 nm-
Diinnfilm, erreichte eine Kraft im Bereich von 10~*N. Somit miisste ein Multischicht-
aktuator, mit einer Schichtanzahl oberhalb von 10 Schichten, eine Kraft vergleichbar
mit der von natiirlichen Muskeln erreichen.

Die in dieser Arbeit préasentierten Resultate illustrieren einen erheblichen Fortschritt
in Richtung einer verlésslichen Fabrikation von weichen, flexiblen PDMS/Metall
Nanostrukturen mittels OMBD. Um den hauptséchlichen Nachteil von limitierten
Wachstumsraten von OMBD unterhalb von 0.1 nm/s anzusprechen, wurde eine Ko-
operation in Dtubendorf vorangetrieben, in der Electro-spray (ACES), mit Wachs-
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tumsraten oberhalb von 10pum/h, als alternativer Prozess fir PDMS Dinnfilme
validiert wurde. Wie auch fiir OMBD demonstriert, ist mithilfe von in situ SE die
Qualitdt der ACES-gewachsenen Elastomerfilme als geeignet fiir Dinnfilm-DEAs
empfunden worden (Florian Weiss et al., siche Publikationsliste). Es wurde jedoch
beobachtet, dass fiir hohe Wachstumsraten ein Inselwachstum dominiert, welches in
eine Morphologie mit mikrometer-rauer Oberflache resultiert. Dies hebt OMBD als
geeigneter fiir Polymer-Nanotechnologie hervor.

OMBD kombiniert mit SE erlaubt ein verlassliches Maflschneidern von elektroni-
schen und optischen Eigenschaften von nanometer-diinnen Metall/Elastomer He-
terostrukturen mit einzigartiger Prazision und Homogenitéat. Flexible, durchsichti-
ge und biokompatible Heterostrukturen auf DEA-Basis finden Anwendung in Bio-
MEMs, der Nanophontonik als abstimmbare Gitter oder plasmonische Absorber
und dehnbarer Elektronik. Schluflendlich behaupten wir, dass OMBD ein verléssli-
ches Wachstum fir eine Produktion von mehrschichtigen DEA Strukturen ermog-
licht. Diese werden benottigt um die Krafte natiirlicher Muskeln nachzuahmen. Da-
zu haben wir einen Beweis geliefert, welcher einen Einschichtaktuator im Nieder-
spannungsbetriebsmodus unter 12V prasentiert. Die aulergewohnliche Eigenschaft
von Sensor und Aktuatorfihigkeit innerhalb derselben Heterostruktur macht Diinn-
schichtaktuatoren besonders interessant fiir Applikationen auflerhalb medizinischer
Implantate zum Beispiel fiir nanophotonische Sensoren oder abstimmbare Gitter und
Linsen in der Mikrooptik. Hier méchten wir nochmals hervorheben, dass die Herstel-
lung von weichen, dehnbaren und biokompatiblen DEA-Strukturen einen Schliissel
darstellt, um Aktuatoren mit mechanischen Eigenschaften vergleichbar zu denen von
menschlichen Gewebe zu realisieren.
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1 Introduction - ‘Smartsphincter*

Current aging of society leads to the increasing prevalence of social and economic
burdening by age-related diseases. Among them fecal incontinence (FI), describ-
ing the involuntary loss of bowel content, affects more than 10% of the western
population® Severe consequences involve exclusion from social life, isolation, and
stigmatization. Prevalence rates for urinary incontinence (UI) are higher for women
than in men and ranging between 4.5 to 53 % and 1.6 to 24 %, respectively. The
number of patients suffering from incontinence increases with age. Statistically
recorded figures of incontinence are said to be underestimated since it is often unut-
tered. Thus it has a considerable, but underrated, economic impact® For patients
with moderate conditions of incontinence non-invasive treatments such as nervous
stimulation or specific excerises of the pelvic floor muscles can be sufficient. As
alternative medication the insertion of absorbing materials is considered. Contrary,
in severe cases operational interventions are necessary. Available implants, however,
are not part of everyday surgery due to long-term re-operation rates of 95 % and
definitive explantation rates of 40 %. These studies indicate that up-to-date implants
fail to reproduce the capabilities of the natural sphincter.® Thus the increasing de-
mand for smart solutions from medical doctors motivates the focused research on
‘Smart Sphincters®.

A promising actuation principle is based on dielectric electro-active polymer actu-
ators (DEA), especially attractive because of their versatility, millisecond response
time, reaction forces, and high energy effeciency. This technology could enable fast
pressure adaption comparable to the natural feedback mechanism, so that tissue
atrophy and erosion can be avoided while maintaining continence during daily ac-
tivities.

The required performance of electronics was developed by the Swiss Federal Lab-
oratories for Materials Science and Technology (EMPA, Eidgenossische Material-
priifungs- und Forschungsanstalt). To increase the adaptivity and degree of biointe-
gration, clinicians from Bern and Schaffhausen specified the required standards for
the implant and developed a biomechanical model of the pelvic floor.

1.1 Dielectric elastomer actuators

Actuators based on the electro-active polymer (EAP) technology, also called dielec-
tric elastomer actuators (DEAs), consist of two electrodes embedding a dielectric
material. It is essential for DEAs to have an elastic dielectric material in order to
allow for contraction and relaxation back to its original state. When a voltage U is
applied between the two electrodes, an electrostatic pressure p leads to a strain in
the vertical direction s,, which is then, due to the incompressibility of the polymer
network, equally translated into a strain in horizontal directions (cp. Eq. (L.1)).
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5. = Vp=Yee, B2 = Yepe, (Z) (1.1)
The Maxwell pressure is directly proportional to the dielectric constant e, and
quadratically dependent on the elastomer film thickness d and the applied volt-
age U. The vacuum permittivity is represented by €;. The elastomeric material
with elastic modulus Y is assumed to be incompressible meaning its volume must
remain constant. Typically for the application within the field of robotics, driven
voltages for DEAs are in the range of several 100 V. Regarding their power consump-
tion, the necessary currents in combination with the high voltages are incompatible
with physiological surroundings. Consequently, the design of dielectric EAPs has
to be modified for low-voltage operation below 42V to adapt for medical applica-
tions. Therefore, one should either increase the dielectric constant of the polymer,
for example by adding fillers in the elastomer network®® or decrease the film thick-
ness to reduce the operation voltage. Based on Eq.[I.1] the change in elastomer film
thickness would have a pronounced impact on the operation voltage compared to the
change in dielectric constant.Taking advantage of organic molecular beam deposition
(OMBD), this project targets the reduction of film thickness to the sub-micrometer
range. Compared with the well-established spin coating, solvents are not required.
In order to reach the necessary actuation forces stacking to multi-layer actuators
is required. The dielectric elastomer material of choice is polydimethylsiloxane
(PDMS). The excellent elasticity of cross-linked PDMS networks in combination
with their biocompatibility renders PDMS the polymer of choice for a large range
of medical applications. Gold, which is known for the high electric conductivity and
its chemical inertness is utilized as the base material for electrode layer.

1.2 Compliant metal electrodes

Materials ranging from noble metals to graphene, composites,*® and conducting
polymers? have been investigated. The process complexity and the oustanding con-
ductivities make metals the material of choise to charge the whole surface area on a
millisecond time scale as desired for artificial sphincter implants. In contrast it has
to be considered that metal films itself only allow for strains below 2 %1 As the
elastic modulus of nobles metals is orders of magnitude above them of the elastomer
layer the stiffening effect of the electrode has to be accounted regarding nanometer-
thin multi-layer actuators. Thus, it is essential to realize compliant electrodes in
order to maintain functionality of DEA structures.

Common methods to create metal electrodes for DEAs are magnetron sputtering,
thermal evaporation and ion implantation. In contrast to the first two techniques,
ion implantation does not lead to confluent metal films, but rather to PDMS /metal
composites. Furthermore the diffusion depth of ion implanted Au-particles ranges
up to a few tens of nanometer ™ Difficult to control the process ion implantation is
found to be not suitable for nanometer-thin DEAs.

Bi-layer systems of soft bulk polymer and rigid thin metal coatings have been stud-
ied for applications in packaging and microelectronics. It has been found, for exam-
ple, that ultra-thin noble metal films on polymers including polydimethylsiloxane
(PDMS) give rise to strains well above 10 %.* To optimize the polymer films as well
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as the ultra-thin metal electrodes two techniques combined allow the electrical and
mechanical properties of the actuators to be quantified. Four-point measurement,
a well-established technique that allows the electrode resistivity characterization,*
is applied on strained nanometer-thin gold films. The electrical conductivity of the
electrodes is directly related to the response time of the engineered artificial muscle.
In addition, mechanical properties such as elasticity of the stacked multilayers
is extracted from cantilever-bending measurements. This principle is an estab-
lished technique and used in a broad range of applications, for example atomic
force microscopy 24 We have previously demonstrated that cantilever bending is
a method well suited to evaluate EAP microstructures with high angular resolution
at low voltages 1% Morphological details detected by optical and atomic force mi-
croscopy do support the quantitative results obtained by the four-point conductivity
and cantilever-bending measurements.

Induced by the low surface energy of cured PDMS the adhesion of pure gold films
on PDMS is problematic. Thus, additional adhesion layers are considered. Cr-films
as adhesion promoter for gold on PDMS are well established. Corrugation effects
during Cr-deposition occur due to the heat energy transferred from the evaporation
source and the thermal energy of the atoms arriving on the PDMS film surface.’”
The heated PDMS reacts with thermal expansion during the deposition and enlarges
its surface area, which is simultaneously covered by metal. After deposition the
PDMS shrinks towards to its original state hindered by the stiffening metal film
and thus evolving into a wrinkled equilibrium state. Applying an unidirectional
pre-strain during deposition is has been shown to yield aligned wrinkle formation
with enhanced actuation performance.t?

Herein, the formation of complex multilayer hetero nanostructure architectures is
validated by spectroscopic ellipsometry.

1.3 Nanometer-thin polydimethylsiloxane films

Another crucial improvement towards low-voltage DEAs is the aspect of homoge-
nous nanometer-thin PDMS growth. Currently, efforts have been published re-
garding electro-spray deposition (ESD). This technique has been shown to be very
effective for homogeneous nanoscale film or particle formation especially for inor-
ganic materials® or polymers 2 In cooperation with F.M. Weiss et al. we pre-
sented alternate current electro-spraying to be qualified for nanoscale PDMS film
fabrication.*! Droplets of solution with a very low concentration of PDMS are ac-
celerated within a high-voltage electric field exploding into smaller droplets with
a homogeneous size distribution. This event is called a coulomb explosion* To
manufacture nanometer-thin elastomeric films for multi-stack DEAs by ESD, the ac
mode prevents charge accumulation on the substrate since only the first electrode
is grounded. However, at high deposition rates confluent films were only detected
for film thicknesses above one micrometer.*® Thus, for the realization of PDMS
films with only hundreds of nanometer in thickness an enhanced homogeneity is
demanded. Physical vapor phase deposition is a versatile technique employed to
produce nanometer-thin films.

Molecular beam deposition (MBD) well established for semiconductor materials®®
is a physical deposition from the gas phase, well-known for thin film growth with
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homogeneity better than 2 %. Molecules in gas phase directed towards the substrate
have no interaction between each other. Hence, their mean free path is orders of
magnitude greater than the distance between evaporator and substrate allowing
for precise process control.*> MBD of polymer materials (OMBD )%, however, faces
the challenge to evaporate oligomers at a reasonable rate at temperatures below
thermal degradation. Solely the sublimation of intact organic molecules under ultra-
high vacuum conditions (107 mbar) has been accomplished through growth rates
ranging from 5 to 6 nm/min.** Within this work the deposition of PDMS chains with
up to 80 repeating units of dimethylsiloxane is presented for the first time. Molecular
weights can be tailored by controlling the evaporation temperature.® The deposition
and subsequent ultraviolet light curing is monitored in real-time with spectroscopic
ellipsometry.

In addition, mechanical properties of the cured PDMS film such as elasticity and
viscoelasticity are crucial for the success of DEAs. Cantilever-bending measure-
ments are presented to characterize the cross-linking density of PDMS films and the
actuation efficiency of nanometer-thin, low-voltage DEA microstructures.

1.4 Real-time spectroscopic ellipsometry

Recently, comprehensive studies on electro-spray film formation have presented spec-
troscopic ellipsometry as a powerful tool to obtain optical properties and morphol-
ogy of polymer films simultaneously. Based on nuclei growth models even films
with micrometer surface roughness can be characterized**? On the other hand
sub-nanometer structures of thermally grown PDMS films have been observed.*”
In addition the evolution of thermally grown metal films on soft polymer can be
characterized ®" As a result excited surface plasmons on nanoclusters within the di-
electric function show prominent resonance peaks. Within this work the monitoring
of real time plasmonics on nanostructured Au/PDMS composites is presented in sec-
tion [2.5] Real-time determination of optical properties is based on a spectroscopic
ellipsometer (SE801, Sentech, Berlin, Germany) with SpectraRay3 software. The
spectroscopic ¥ and A data points ranged from 190 and 1050 nm are monitored at
a frequency between 0.5 to 6 Hz at an incident angle of 70°. The incident beam
diameter of 4nm resulted in a measurement spot of 4x10mm?. This highlights
our spectroscopic measurement setup to obtain the film formation with millisecond
resolution on a macroscopic area.



2 Results

2.1 Tailoring the mass distribution and functional group density
of dimethyl-siloxane-based films by thermal evaporation

Molecular beam deposition enables the evaporation of single polydimethylsiloxane
chains at temperatures below thermal degradation of functional groups.

Side groups of linear polydimethylsiloxane chains dominate intermolecular interac-
tions and thus their vapor pressure.

The unique flexibility of linear polydimethylsiloxane enables folding at the cru-
cible surface such that evaporated molecular weights can be tailored to maximum
6.000 g/mol corresponding to 80 repeating units of dimethylsiloxane.

Thermally evaporated polydimethylsiloxane fractions exhibit a narrow molecular
weight distribution with polydispersity index of 1.06.

The content of functional end groups can be tailored between 2.8 to 11 %.

Published in APL Materials
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The tailoring of molecular weight distribution and the functional group density of
vinyl-terminated polydimethylsiloxane (PDMS) by molecular beam deposition is
demonstrated herein. Thermally evaporated PDMS and its residue are characterized
using gel permeation chromatography and nuclear magnetic resonance. Thermal
fragmentation of vinyl groups occurs for evaporation temperatures above 487 K
(214°C). At a background pressure of 10~ mbar, the maximum molecular weight
distribution is adjusted from (700 + 100) g/mol to (6100 + 100) g/mol with a
polydispersity index of 1.06 + 0.02. The content of vinyl-termination per repeating
unit of PDMS is tailored from (2.8 + 0.2)% to (5.6 = 0.1)%. Molecular weights of
vinyl-terminated PDMS evaporated at temperatures above 388 K (115 °C) correspond
to those attributed to trimethyl-terminated PDMS. Side groups of linear PDMS
dominate intermolecular interactions and vapor pressure. © 2016 Author(s). All
article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4949362]

Poly(dimethylsiloxane) (PDMS) is the most widely used silicone polymer.! Its backbone ex-
hibits relatively high flexibility associated with a glass transition temperature as low as —125°C
and a melting temperature of —50 °C.2 Because of its thermal and chemical stability, PDMS serves
a broad range of applications, such as lubricants, adhesives, or passivation layers in the electronic
and automotive industries.! The excellent elasticity of cross-linked PDMS networks in combination
with their biocompatibility renders PDMS the polymer of choice for a large range of medical appli-
cations, including dielectric elastomer actuators (DEAs) for artificial muscles.* Nanometer-thin
films, with a homogeneity superior to that reached by current spin-coating or electro-spraying, have
to be prepared.>® Physical vapor phase deposition is a versatile technique employed to produce
nanometer-thin films. The molecular beam deposition (MBD)”# of polymer materials, however,
faces the challenge of evaporating oligomers at a reasonable rate at temperatures well below ther-
mal degradation. The sublimation of intact organic molecules under ultra-high vacuum conditions
(107° mbar) has been realized through growth rates ranging from 5 to 6 nm/min.”!° A recently pub-
lished study describes the successful MBD of PDMS under high-vacuum conditions (107® mbar)
at evaporation temperatures of up to 453 K (180°C) and showing growth rates above 2 nm/min.’?
Thermal stability, characterized by bond dissociation energies, has been investigated in detail. The
cleavage of the Si—O backbone bonds results in the formation of cyclic oligomers with a corre-
sponding activation energy of 180 kJ/mol.'! It is known that dissociation energies of functional
side groups are below those of the backbone bonds. The thermally activated decomposition of
trimethyl-terminated PDMS under vacuum conditions occurs at a temperature of about 573 K
(300°C) with an activation energy of 175 kJ/mol.'> An activation energy level of 98 kJ/mol'? and a
decomposition temperature of 503 K (230 °C) are found for vinyl termination.’

The evaporated oligomer mass depends exponentially on the inverse temperature according to
the Clausius-Clapeyron relation. Thus, we hypothesize that MBD influences molecular weight distri-
bution, polydispersity, and the density of the functional termination of the deposited polymer film.

—G)
2166-532X/2016/4(5)/056101/7 4,056101-1 © Author(s) 2016.
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Since the chain length of the oligomers determines the elastic modulus of cross-linked PDMS,!? the
choice of deposition parameters determines the performance of DEAs.!* So far, thermal evaporation
has been restricted to linear or cyclic PDMS, focusing on oligomers, i.e., macromolecules with less
than eleven repeating units, with molecular weights below 1000 g/mol,">"'7 or on the vaporization
of decomposed PDMS fractions, using an evaporation temperature of 573 K (300 °C) at atmospheric
pressures.'® In the present communication, vinyl-terminated PDMS is evaporated with molecular
weights of up to 6100 g/mol, maintaining vinyl termination.

Our experimental setup has been described previously.? Briefly, deposition experiments were
carried out under high-vacuum conditions with a background pressure of 10~ mbar. A low temper-
ature effusion cell (Dr. Eberl MBE Komponenten GmbH, Weil der Stadt, Germany) with a 2 cm®
crucible was utilized. The temperature ramp of the evaporator was adjusted to 8.3 x 1073 K/s
to avoid boiling retardation. The final crucible temperature was held stable for one extra hour.
With an opened shutter background pressure increased to 107 mbar, the substrate was mounted
300 mm in front of the evaporation source. The MBD study was based on two commercially avail-
able vinyl-terminated PDMS compounds both acquired from Gelest, Inc., Morrisville, PA, USA of
which DMS-V21 has an average molecular weight of 6000 g/mol and DMS-V05 one of 800 g/mol.
The PDMS starting materials were filled in the crucible as received from the supplier. Gel perme-
ation chromatography (GPC) traces are recorded in WinGPC (v8.20 build 4815) and connected to
an Agilent 1200 system equipped with a refractive index detector and a series of analytical SDV
columns (pre-column (5 cm), 1 x 103 A (30 cm), and 1 x 10° A (30 cm), all 5 um particles and
0.8 cm in diameter, PSS, Germany). The columns and the system were kept at a temperature of
35°C and run at a flow rate of 0.017 ml s~!. Average molecular weight M,, mass average molecular
weight M,,, peak molecular weight M, and the polydispersity index (PDI) were determined by
calibrating the GPC system with narrow polystyrene standards from Sigma Aldrich.

The molecular weight distributions of the evaporated film fractions and the residues in the
crucible after deposition are displayed as colored lines for DMS-V0S5 in Figs. 1(a) and 1(c) and for
DMS-V21 in Figs. 1(b) and 1(d), respectively. The molecular weight distributions of the supplied
materials are displayed as black lines. As expected, the peak molecular weight within the evapo-
rated film fractions increases in line with temperature. The maximal evaporated molecular weight,

100 (a (c) 388 K
— 411K

438 K
‘ 465 K
{ 487 K
\ — 507K

o
[3)

1.0t (b) " (d)

o
o

Probability W™ (logM)
o
o

/
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FIG. 1. Molecular weight distribution obtained from gel permeation chromatography traces of DMS-V05 [(a) and (c)] and
DMS-V21 [(b) and (d)] is shown in black. The colored traces represent the film fractions evaporated from DMS-VO05 (a) and
DMS-V21 (b) as well as the corresponding residues [(c) and (d)] within the crucible at temperatures between 388 and 507 K.
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extracted at 1/10%- halfwidth of the GPC trace, ranges from (2000 + 100) to (6100 + 100) g/mol for
evaporation temperatures between 388 K (115 °C) and 507 K (234 °C). The 100 g/mol error arises
from estimating baseline variation. The molecular weight distributions of the supplied polymers
cover a range between 150 to about 8000 g/mol for DMS-VO05 and 600 to about 50000 g/mol
for DMS-V21, see black traces in Figure 1. These broad distributions offer the evaporation of
same polymer fractions with both supplied polymers at a given temperature. Though, the increased
availability of short-chain polymer within the DMS-V05 weight distribution results in increased
growth rates pronounced for evaporation temperatures below 465 K. For an evaporation temper-
ature of 388 K, a twenty times higher evaporation rate of (0.685 + 0.005) nm/s for DMS-V05
compared to one of (0.035 + 0.001) nm/s for DMS-V21 is detected within the present experimental
configuration. Within the residual fraction, only polymers with a higher molecular weight than
those deposited are detected. Their weight distribution exhibits a lower limit that corresponds to the
highest molecular weights found in the evaporated fraction. At a crucible temperature of 507 K,
molecular weights higher than those originally found in the supplied materials are detected. We
attribute this finding to the thermal stability limit of the vinyl-double bond, which exhibits the
lowest bond dissociation energy along the PDMS chain.!® The radicalization of vinyl groups leads
to bond formation between PDMS chains, thus accounting for the increase in molecular weight.

Nuclear magnetic resonance (\H-NMR) PDMS spectra were recorded on a Bruker DPX-400
spectrometer in deuterated chloroform without tetramethylsilane. They were then analyzed and
processed (phase correction and Wittaker Smoother to adjust the baseline) in MestReNova 10.0.1-
14 719 (Mestrelab Research S.L., Spain). The supplied PDMS is characterized by a distinct multi-
plet of around 0.1 ppm, attributed to the methyl side groups on the silicon atoms, three doublets of
doublets between 5.6 and 6.2 ppm associated with vinyl termination (Fig. 2(a)). Signals between
0.5 and 4.1 ppm result from contaminants representing most likely residuals from the polymer
synthesis. The characteristic peaks of vinyl and methyl groups are present at all evaporation temper-
atures ranging from 388 to 507 K in the evaporated as well as in the residual fractions. Thus,
the combination of NMR with GPC analysis indicates the suitability of vinyl-terminated PDMS
for thermal evaporation at temperatures of up to 487 K. At an evaporation temperature of 507 K,
chain prolongation is observed within the residual fraction. Nevertheless, within the NMR data, no
pronounced decrease in the vinyl chemical shift is found at that temperature (Fig. 2(c)).

The measured intensities of methyl and vinyl peaks are not calibrated values. They depend on
the polymer concentration within the NMR tube. The density of vinyl groups is obtained by creating
the ratio of the integral over the vinyl doublets of doublets and the integral over the chemical shifts
of the methyl peak, cf. Fig. 2. Vinyl content, which specifies the number of vinyl terminations per
repeating unit, is plotted in Fig. 3(a) as a function of deposition temperature. The vinyl content
of the supplied material is determined to be (1.35 + 0.07)% for DMS-V21 and (9.2 + 0.2)% for
DMS-VO05 displayed at a temperature of 293 K in Fig. 3(a). Within the standard derivation, this
agrees with the vinyl content of peak molecular weight derived from GPC measurements with
(1.28 + 0.03)% and (9.5 +£0.3)% for supplied DMS-V21 and DMS-VO05, respectively. For DMS-
V05 deposited at a temperature of 388 K, a decrease in vinyl content to (5.6 + 0.2)% is observed.
Conversely, an increase in vinyl content to (4.0 + 0.2)% is detected for DMS-V21 evaporated at a
temperature of 407 K. Thus, either a reduction in vinyl group density for the evaporated DMS-V05
or an increase in the evaporated DMS-V21 fractions is realized. Independent of the molecular
weight distribution of the supplied materials, the vinyl content of evaporated PDMS decreases
with increasing evaporation temperature (Fig. 3(a) filled symbols) in line with an increased PDI
(Fig. 3(b)). Within the range of thermal stability, i.e., at temperatures below 487 K, the vinyl content
of deposited PDMS fractions decreases from (5.6 + 0.2)% to (2.8 = 0.1)% in line with increasing
temperature.

The PDIs of the supplied materials are determined at 1.98 + 0.02 (DMS-VO05) and 1.87 + 0.02
(DMS-V21) displayed at a temperature of 293 K in Fig. 3(b). For DMS-V05 evaporated at a temper-
ature of 388 K, an explicit reduction of PDI to 1.06 + 0.02 has been realized. DMS-V21 evaporated
at a temperature of 411 K exhibited a PDI of 1.08 + 0.02. Using an evaporation temperature of
507 K for DMS-V21, the PDI became significantly larger and corresponded to 1.26 + 0.20. Thus,
one can generally state that the PDI increases with the evaporation temperature, as the probability
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FIG. 2. Exemplary nuclear magnetic resonance spectra of supplied DMS-V21 at room temperature: (a) the film evaporated
at a temperature of 487 K (b) and its residue in the crucible evaporated at a temperature of 507 K (c). The peaks attributed
to the vinyl groups (multiplet from 5.6 to 6.1 ppm) are present before and after evaporation. 1H NMR (400 MHz, CHCl3 9):
0.1, m, -Si-O-Si((CH3)2)—, 6.06 (dd, J = 20.3, 14.8 Hz, 1H), 5.86 (dd, J = 14.8, 4.0 Hz, 1H), 5.66 (dd, J = 20.2, 4.0 Hz,
1H),m, -CHCH»).

of long-chain molecule evaporation rises and the molecular weight distribution broadens to higher
molecular weights. It is anticipated that by controlling the substrate temperature, low-molecular
weight chains will desorb during film deposition, and narrow molecular weight distributions will
also be approachable at evaporation temperatures already above 388 K. The half-width of the
molecular weight distribution is then determined solely by the broadening of the Boltzmann energy
distribution, which enables the tailoring of a well-defined molecular weight and vinyl content of
evaporated PDMS. Within the residue, the PDI decreases in line with increasing temperature caused
by the extraction of low-molecular weight polymer. At an evaporation temperature of 507 K, a
distinct increase in the PDI to 2.02 + 0.03 occurs in the residue. This broadening behavior is
correlated to PDMS chain extensions, cf. Fig. 1(d).

Peak molecular weights M, of thin film fractions evaporated at selected temperatures between
388 K and 507 K are displayed in Fig. 4. The range of accessible molecular weights is framed by
thermal degradation (above 487 K)—upper limit—and by background pressure—the lower limit.
At a pressure of 107¢ mbar, oligomers with molecular weights below (700 + 100) g/mol are not
detected within the deposited film, cf. Fig. 1(a), because, presumably, they evaporated at rather
low temperatures before the deposition experiment started. This correlates with vapor pressure data
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FIG. 3. The density of vinyl groups (a) and the polydispersity index (b) are presented with respect to the crucible temperature
for the deposited films (filled circles, triangles) and its residue in the crucible (open circles, triangles). The supplied materials
are shown as crossed symbols at a temperature of 293 K.

reported for trimethyl-terminated polysiloxanes.'®!7 Thus, the peak molecular weights of deposited
vinyl-terminated PDMS can be tailored within the range (700 = 100) to (4050 + 100) g/mol. The
present data for vinyl-terminated PDMS, shown by the filled squares in Fig. 4, are compared with
the experimental results from Ref. 16 represented by the open triangles in Fig. 4, where enthalpies
of linear dimethylsiloxane oligomer vaporization with up to ten repeating units were determined
at a background pressure of 1072 mbar. To calculate the molecular weights of trimethyl-terminated
PDMS evaporated at a background pressure of 107° mbar, the Clausius-Clapeyron relation with the
coefficients of Ref. 17 is applied. Therefore, the molecular weights of the evaporated molecules
depend linearly on the logarithm of the vapor pressure. For example, the reduction of the back-
ground pressure from 1072 to 10~ mbar results in a shift of the evaporated peak molecular weight
at room temperature from 400 to 700 g/mol. In general, a reduced background pressure enables
the evaporation of polymer with higher molecular weights. A comparison between the molecular
weights of vinyl-terminated and trimethyl-terminated PDMS exhibits reasonable agreement be-
tween molecular weights of 700 to 1600 g/mol—a range which corresponds to eight to 19 repeating
units of dimethylsiloxane. It is known that for PDMS oligomers with more than two repeating
units of dimethylsiloxane, the side groups dominate intermolecular chain interactions and vapor-
ization heat.!” Within the present study, evaporated polymers have molecular weights higher than
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FIG. 4. The crucible temperature dependence of the peak molecular weight M, of vinyl-terminated PDMS polymer (filled
squares) is compared with derived vapor pressure data of trimethyl-terminated PDMS from Lei er al. (Ref. 16) (open triangles)
and from Wilcock (Ref. 17) (line). Gray shading marks the boundaries of thermal fragmentation (dashed line) and the
background gas pressure (dotted line).

(700 + 100) g/mol with more than eight repeating units of dimethylsiloxane. Hence, we expect the
contribution of vinyl groups to van der Waals interactions to be negligible for these chain lengths.
Moreover, methyl side group interactions dominate the evaporation process.

For evaporation temperatures above 400 K, evaporated vinyl-terminated PDMS shows molec-
ular weights higher than predicted by the Clausius-Clapeyron relation. The unique flexibility of the
Si—O backbone presumably enables linear PDMS to form folded chains on the crucible surface.
A conformational energy of 5 kJ/mol depicts the energy barrier of linear bending, which has to
be overcome.?’ Energy barriers of 3.3 kJ/mol, corresponding to Si—O-Si rotation, and 0.4 kJ/mol,
for methyl side group rotation, are even well below the energy barrier of linear bending.? This
offers PDMS the chance to arrange its conformation at the melt-vacuum interface more easily than,
for example, hydrocarbon or silane-based polymers. Thus, a stepwise breaking of intermolecular
bonds and the subsequent bending of the PDMS chain explain the reduced vaporization heat, which
emerge for PDMS with a molecular weight above 1600 g/mol, i.e., 19 repeating units. In gen-
eral, the linear dimethylsiloxane exhibits exceptionally low intermolecular interactions obtained by
shielding the Si—O backbone through the methyl groups. Thus, linear dimethylsiloxane with exclu-
sively functional end termination offers the broadest range of molecular weights that can be tailored
by MBD before thermal degradation. This behavior distinguishes PDMS from polyaniline-Cg,’
with a reduced oxidation state, or polythiophene (PTh),® with a reduced conjugation length after
thermal evaporation.

The maximal vinyl content of end-terminated PDMS can be adjusted to 11.1%, corresponding
to nine repeating units of dimethylsiloxane evaporated just above a temperature of 293 K. Using
copolymers with altered side, terminations can extend the accessible range of functional group
density. As a drawback, the substitution of methyl groups, for example, by vinyl or phenyl groups
results in increased steric hindrance or polarity. The resulting increase in vaporization heat would
narrow the spectrum of accessible molecular weights. The low PDI enables the well-defined func-
tional group density content of evaporated PDMS. We anticipate that this technique will qualify for
realizing the functionalized surfaces of biomedical devices, such as microfluidic applications,?' or
tailoring cell-polymer interactions.'® We propose the incorporation of phenyl terminations, which
helps to manipulate the refractive index to qualify for biosensor applications.?> Based on this
functionalization, the dielectric constant can be adapted to influence actuation efficiency positively
in dielectric elastomer actuators. Furthermore, the evaporation of high molecular weight polymer
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is of great importance to realize low elastic modulus cross-linked thin elastomer films. This en-
ables high actuation strains of dielectric elastomer actuators. Together with unique homogeneity,
MBD of PDMS is expected to realize biocompatible dielectric actuators serving artificial muscle
implants.?>2*

In summary, thermally evaporated linear dimethylsiloxane serves thin polymer films with a
tailored molecular weight distribution. Limited by intermolecular interactions between the methyl
side groups, molecular weights corresponding to up to 80 repeating units of dimethylsiloxane are
evaporated before thermal degradation.

This work was funded by the Swiss National Science Foundation (Project No. 200021-135496)
and by the nanotera.ch initiative, a collaboration between the Biomaterials Science Center (BMC)
of the University of Basel, the Swiss Federal Laboratories for Material Science and Technolo-
gies (EMPA), the Institute for Surgical Technology and Biomechanics (ISTB), Kantonsspitiler
Schafthausen, and Inselspital Bern.
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2.2 Characterization of ultraviolet light cured
polydimethyisiloxane films for low-voltage, dielectric
elastomer actuators

Ultraviolet-light post-curing of submicrometer-thin PDMS films induces a gradient
of cross-linking density.

Radicalization of methyl side groups leads to a silica-like surface of nanometer thick-
ness.

The interplay of cross-linking gradient and heat input from the irradiation source
leads to isotropic-distributed wrinkled microstructures on the film surface.

The amplitude can be tailored by irradiation intensity and film thickness.

UV-induced microstructures on PDMS thin-films coated with sputtered gold can be
pre-stretched and qualify for DEA contact layers tolerating high strains.

Published in Proceedings of SPIE 2016



14 2 Results

Characterization of ultraviolet light cured polydimethylsiloxane films
for low-voltage, dielectric elastomer actuators

Tino Topper*, Fabian Wohlfender, Florian M. Weiss, Bekim Osmani, and Bert Miiller

Biomaterials Science Center, Department of Biomedical Engineering, University of Basel, 4123
Allschwil, Switzerland.

ABSTRACT

The reduction the operation voltage has been the key challenge to realize of dielectric elastomer actuators (DEA) for
many years - especially for the application fields of robotics, lens systems, haptics and future medical implants. Contrary
to the approach of manipulating the dielectric properties of the electrically activated polymer (EAP), we intend to realize
low-voltage operation by reducing the polymer thickness to the range of a few hundred nanometers. A study recently
published presents molecular beam deposition to reliably grow nanometer-thick polydimethylsiloxane (PDMS) films.
The curing of PDMS is realized using ultraviolet (UV) radiation with wavelengths from 180 to 400 nm radicalizing the
functional side and end groups. The understanding of the mechanical properties of sub-micrometer-thin PDMS films is
crucial to optimize DEAs actuation efficiency. The elastic modulus of UV-cured spin-coated films is measured by nano-
indentation using an atomic force microscope (AFM) according to the Hertzian contact mechanics model. These
investigations show a reduced elastic modulus with increased indentation depth. A model with a skin-like SiO, surface
with corresponding elastic modulus of (2.29 + 0.31) MPa and a bulk modulus of cross-linked PDMS with corresponding
elastic modulus of (87 + 7) kPa is proposed. The surface morphology is observed with AFM and 3D laser microscopy.
Wrinkled surface microstructures on UV-cured PDMS films occur for film thicknesses above (510 # 30) nm with an
UVe-irradiation density of 7.2 10* J cm™? nm™ at a wavelength of 190 nm.

Keywords: ultraviolet curing, polydimethylsiloxane, nano-indentation, atomic force microscopy, 3D laser microscopy,
polymer films

1. INTRODUCTION

The significance of age-related diseases has been increasingly pronounced by changing demographics of modern society.
Among them fecal incontinence (FI) affects between 11 and 15 % of adults [1] and increases with age [2]. Artificial
sphincters based on electrically activated polymer (EAP) actuator implants offer a possible solution to treat severe fecal
incontinence. Yet, it remains a significant challenge for researchers to build artificial muscles, which reproduce the
capabilities of the natural sphincter [3]. Based on the versatility of EAPs including response time, forces, and energy
consumption [4], they can mimic the rapidly adaptive pressure response, comparable to the natural feedback mechanism
of the human body. [5]

Regarding EAP actuators for biomimetic implants the focus lies on a significant reduction of the actuation voltages [6,
7]. Silicone-based polymer films, prepared by spin-coating, are limited to micrometer thickness and require operation
voltages above several 100 V to reach thickness strains of 25 to 48 % [8]. Alternative techniques aim to realize
nanometer-thin polymer films with actuation voltages below 42V, e.g. alternate-current electro-spraying of
polydimethylsiloxane (PDMS) in solution [9, 10]. However, this approach exhibits the drawback of inhomogeneous,
non-confluent films formed by PDMS-droplets at film thicknesses below 600 nm. Contrary, molecular beam deposition
(MBD) of PDMS has been presented as a promising growth technique for nanometer-thin elastomer films [11]. Based on
that, EAP actuators did exhibit strains comparable to that of micrometer-thick EAPs with actuation voltages well below
the approved medical limit. Combined with homogeneity of better than 2 %, MBD of polymers allows for a reliable and
repeatable growth process for stacked actuators, which makes them promising candidates for biomimetic artificial
muscles.

*tino.toepper@unibas.ch; phone 0041 61 207 54 45; fax 41 61 265 9699; www.bmc.unibas.ch
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The excellent elasticity of cross-linked PDMS, in combination with its biocompatibility, makes it the most widely used
silicone polymer for medical applications, including EAPs [12]. Its backbone exhibits high flexibility associated with a
glass transition temperature as low as -125 °C and a melting temperature of 50 °C [13]. Additionally, linear siloxane-
based PDMS offers the broadest range of molecular weight and functional group density to be tailored [14]. Cross-
linking of PDMS is achievable through the presence of functional end- or side groups, activated either by heat-induced
curing using a catalyst or applying ultraviolet (UV) radiation to force the photo-initiated reaction of radicals [15, 16].
The UV cross-linking of vinyl-terminated PDMS has been successfully shown [9, 11].

Nevertheless, the understanding of the resulting PDMS network properties is crucial for efficient EAP-actuator
operation. It has been shown, that the elasticity of the elastomer film is directly proportional to the chain length of the
cross-linked PDMS oligomers [17]. This directly affects the strain, realized by EAP actuators. For thick bulk materials,
the elastic modulus is usually determined by using standard characterization methods such as the unconfined
compression test [18]. In case of soft films with thicknesses below one micrometer, these bulk-testing methods are not
applicable due to unknown contributions from the stiffness of the underlying substrate. For nanometer-thin polymer
films, asymmetric cantilevers have been utilized to describe their elastic/ viscoelastic behavior under applied strain [19].
With the advantage of a less complex preparation process, nano-indentation (NI) recently received great attention for the
determination of mechanical material properties on the micro- and nanometer scale. Thus, we present a detailed
mechanical characterization of UV-cross-linked vinyl-terminated PDMS films with weight average molecular weights

ranging from 800 to 62,000 g/mol. The elastic modulus is determined by NI with an atomic force microscopy (AFM).

It is well known, that UV-treatment with wavelengths below 200 nm affects the chemical stability of the methyl side
groups as well as the functional terminations such as vinyl groups [20, 21]. UV-initiated decomposition results in the
creation of a SiO, surface layer with thicknesses of about five nanometers [8]. Stress at the SiO, — PDMS interface
induces a wrinkled surface structure. The morphology of UV-treated PDMS films of varying thickness is characterized
by 3D laser microscopy and AFM surface scans. Electrically activated polymer actuators are based on sandwich
structures consisting of an elastomer layer embedded between electrodes. Current research on biocompatible stretchable
electronics has brought up a wide range of possible material and geometrically solution, e.g. carbon nanotube, graphene
or silver nanowires [22, 23]. Nevertheless, due to its less complex deposition methods, electrodes consisting of sputtered
or thermally evaporated gold are a reliable electrode material with maintained conductivity for strains above 20 % [24].
Thus, optical micrographs are presented to characterize the morphology of a sputtered 10 nm-thin Au film on a UV-
treated PDMS film. A qualitative observation of strain release of the wrinkled PDMS surface will be provided.

2. EXPERIMENTAL
2.1 PDMS film preparation

Ar 3 uy _ __| pDMs
= Photodiode [l Si/Si0,
<

— ¢ Cantilever

(a)

Figure 1. (a) The schematic UV-treatment setup of spin-coated PDMS films is shown. Applying an inert Ar atmosphere
reduces UV-light absorption of oxygen. Sample rotation guarantees a homogenous irradiation profile. (b) The schematic
principle of nano-indentation by atomic force microscopy is presented. The deflection of the laser beam induced by the
cantilever bending is detected on a photodiode.

Vinyl-terminated dimethylsiloxanes DMS-V05, DMS-V21, DMS-V25, DMS-V31 and DMS-V41 (Gelest Inc.,
Morrisville, PA, USA) are spin-coated on Si-wafers using a tabletop spin-coater (WS-400B-6NPP, Laurell Technologies,
North Wales, USA). The n-doped 3-inch Si(100) (Silicon Materials Inc., Pittsburgh, PA, USA) with a thickness
(381 £25) um are cleaned with ethyl acetate and acetone (both Merck KGaA, Darmstadt, Germany). Spin-coating
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parameters of the five polymers are listed in Table 1. The rotation speed, spin-coating time and acceleration were
individually adapted to receive comparable layer thicknesses.

Subsequently, the samples were UV-cured in Ar atmosphere using an in-house fabricated chamber with an attached
deuterium lamp (H2D2 light source unit L11799, Hamamatsu Photonics K.K., Hamamatsu, Japan), ¢f. Figure 1(a). The
spectrum of the deuterium UV lamp ranges from 160 to 400 nm, with a peak intensity at approximately 190 nm. The
maximal power density of the deuterium lamp is 0.6 pW cm™ nm™ at 190 nm at a distance of 50 cm to the light source.
The curing time was 1200 s.

The absolute thickness of the UV-cured PDMS film was determined using a spectroscopic ellipsometer SES01 (Sentech
Instruments GmbH, Berlin, Germany).

Table 1. Weight average molecular weight M,, and viscosity of the supplied polymer and the processing parameters of the
spin-coated film are presented.

Spin coating Film thickness
Polymer M, [kg/mol] Viscosity [cSt.] Speed [rpm] (time [s]) [nm]
DMS-V05 0.8 4-8 2,000 (120) 985 +25
DMS-V21 6.0 100 5,500 (150) 1,217 £ 30
DMS-V25 17.2 500 8,000 (240) 1,331 +35
DMS-V31 28.0 1,000 8,000 (240) 1,790 + 50
DMS-V41 62.7 10,000 8,000 (240) 2,600 + 60

The Au-electrode layer was sputtered with a final thickness of 10 nm. The related sputtering conditions in the Balzers
Union SCD 040 system (Balzers, Lichtenstein) corresponded to 0.05 mbar Ar-atmosphere (Carbagas AG, Gilimligen,
Switzerland) and a constant working current of 30 mA. The thickness was determined beforehand by a calibration curve
plotting time versus thickness measured using a quartz crystal microbalance (QSG 301, Balzers, Balzers, Lichtenstein).

2.2 Nano-indentation measurements by atomic force microscopy

For the nano-indentation experiments a FlexAFM ARTIDIS system (Nanosurf AG, Liestal, Switzerland) was utilized.
To reduce the maximum penetration depth of the cantilever tip, B150_CONTR cantilevers (Nanotools GmbH, Munich,
Germany) with a spherical carbon-tip of (150 + 15) um were mounted. Load-displacement curves of all samples were
measured with a constant speed while measuring the applied load. Adequate indentation parameters were evaluated with
characterization measurements on an UV-cured DMS-V21 sample. An indentation speed of 0.5 pm/s was found to
realize fast sample scanning and simultaneously suppress viscoelastic effects. The maximum applied load was set to
5N to limit the indentation depth below 150 nm. Thus, substrate effects can be neglected within the applied HERTZ
model.

The measurement data was processed according to the HERTZ model, which is based on the classical Hertzian contact
theory [18]. The deformation caused by spherical indentation is dependent on the applied load P and is described by the
contact radius a as seen in Equation 1.

,_6R (1)

a =
8E,

The proportional constants are the spherical indenter radius R and the reduced elastic modulus E,. The stiffness S can be
extracted from the slope of the load-displacement curves and is related to the contact radius « according to the following
equation:

g S 1 dp 2)
2E, 2E, dh

Taking into account the Poisson's ratio v, of the sample, the elastic modulus of the soft polymer film can be expressed as
given in Equation 3.
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Nano-indentation was executed on five spots of interest with 64 x 64 points corresponding to a spot size of
60 pm x 60 pum.

2.3 Morphology characterization by 3D laser microscopy and atomic force microscopy

Optical profilometry by means of a 3D laser scanning microscopy (Keyence VK-X200, Keyence International, Belgium)
with 50 times optical magnification has been used to create surface profiles of 1 x I mm’ in size with 2048 x 2048
points. For higher spatial resolution an atomic force microscope (AFM), FlexAFM ARTIDIS system, Nanosurf AG,
Liestal, Switzerland, was applied. Here, areas of 97.5 x 97.5 um” (512 x 512 points) were recorded in tapping mode with
a Tap150AI-G tip (Budget Sensors, Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria).

3. RESULTS

3.1 Elastic modulus of ultraviolet light cured polydimethylsiloxane films
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Figure 2. (a - b) Exemplary nano-indentation data on a UV-cured DMS-V21 film with a spot size of 60 um x 60 pm is
presented. The color map represents the elastic modulus from 120 kPa (blue) to 160 kPa (red). White squares correspond to
spots without suitable fit. The extracted elastic modulus distributions are displayed for five measurement areas on the PDMS
film. A Gaussian fit characterizes the center of the elastic modulus distribution. (c) The extracted elastic moduli of forward
(filled circles) and backward (open squares) load-displacement curve are plotted with respect to the molecular weights of the
supplied polymers ranging from 800 g/mol for DMS-V05 to 62,700 g/mol for DMS-V41. (d) The elastic moduli are shown
with respect to the indentation depth of the AFM tip. An exponential fit function is utilized to characterize the dependency,
see Equation 4.
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Figure 1 represents experimental data of the nano-indentation measurements of polydimethylsiloxane films. An
exemplary 2D indentation map of a UV-cured DMS-V21 film is shown in panel (a). The values of the elastic modulus
are displayed using a color map ranging from 120 kPa (blue) to 160 kPa (red) within the scanned area of 60 pm x 60 pm.
White squares correspond to spots with no suitable fit processed to the load displacement curve according to Equation 3.
The resulting distribution of the elastic moduli is presented in panel (b) of Figure 1 for five measurement spots randomly
distributed over the 3-inch Si wafer. The peak elastic modulus is defined by the center of a Gaussian fit model. The
corresponding error is given by the full width half maximum (FWHM).

Five measurement spots are analyzed for each UV-cured PDMS film composed of molecular weights ranging from 800
to 62,700 g/mol, see Table 1. The extracted elastic moduli of forward (filled circles) and backward (open squares)
displacement curves are displayed as a double logarithmic plot in panel (c) of Figure 1. A distribution of elastic moduli
between 100 and 700 kPa is observed for all samples prepared. No distinct dependency of film elastic modulus with
respect to the consisting molecular weight of the polymer can be extracted. Contrary, a significant decrease of elastic
modulus £ with increasing indentation depth / of the AFM cantilever tip is found. This characteristic behavior can be
described by an exponential fit:

E=exp[Al;hj+E0 )

The fit constants A = (254 = 13) nm and B = (33 £ 3) nm are found. The y-axis offset is determined to £, = (87 + 7) kPa.
Thus, a decrease of elastic modulus from 2.29 MPa at zero nanometer indentation depth to 87 kPa at infinite indentation
depth is observed independent of the molecular weight.

3.2 Surface morphology of ultraviolet light cured polydimethylsiloxane films

For the analysis of the thin film morphology the atomic force microscopy is a powerful tool. One can examine surface
structures with nanometer resolution. Exemplary surface scans of the DMS-V21 UV-treated thin film are presented as
97.5 x 97.5 um” and 24.5 x 24.5 um® frames in Figure 1(a-b). The height variation on the surface spans a range of about
1.5 pm. An extract of the Fourier transformation of part (a) in Figure 1 reveals no distinct orientation of these wrinkled
surface structures. The oscillation wavelength of the wrinkles was determined to (4.5 +0.2) um. The white artifacts
crossing the center of the Fourier transformation are related to analyzing errors induced by the frame of the AFM image.
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Figure 3. (a - b) Atomic microscope surface scans of a UV-treated DMS-V21 film are presented. The gray scale map represents the
height of the wrinkled surface from zero (black) to 1.5 pm (white). (¢) The corresponding Fourier transform of the AFM scan of
part (a) exhibits the width of the wrinkles, given by the oscillation wavelength of the frequency.

An alternative technique to characterize the morphology accurately is the imaging by means of 3D laser scanning
microscopy. To resolve this effect of surface wrinkling with respect to the thickness of PDMS films under UV-
irradiation, a 200 nm-thin spin-coated, UV-treated DMS-VO05 film is analyzed. Optical micrographs and cross sections
parallel and perpendicular to the film thickness gradient are shown in Figure 4. Surface tension at the edge of the 3-inch
wafer induces a thickness gradient while spin-coating of about 1 pm/mm, see part (d) of Figure 4. A scratch at the left
bottom side of the micrograph sets the baseline related to the Si-substrate surface and enables thickness determination of
the PDMS film. The mean film thickness /; is defined as the average over the height oscillation within the displayed
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range, exemplary shown in part (b) of Figure 4. The cross section at a mean film thickness of 4;=200 nm reveals an
average wrinkle amplitude of about 4, = (4.5 + 0.3) nm (Figure 4(c)). Contrary at a mean film thickness of ;= 1.65 um

an average wrinkle amplitude of /4, = (0.71 = 0.08) pm is detected (Figure 4(b)).
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Figure 4. (a) Optical micrograph of a spin-coated, UV-treated DMS-V0S5 film exhibits the thickness gradient at the edge of
the 2-inch wafer indicated by the color variations. The scratch at the bottom-left side sets the zero position of film thickness
at the Si-substrate. (b-c) Cross-sections, captured at 150 times optical magnification, parallel to the edge of the wafer reveal
increased surface roughness with increased film thickness. (d) The cross-section, captured at 50 times optical magnification,
perpendicular to the wafer edge exhibits a film thickness gradient of about 1 pm/mm and increasing wrinkle amplitudes with

respect to the film thickness.

The extraction of average wrinkle amplitude /,, with respect to the UV-treated PDMS film thickness is presented in
Figure 5. For film thickness below 500 nm stable average wrinkle amplitudes of (20 + 10) nm are extracted. This
constant wrinkle amplitude is attributed to the limited resolution at a 50 times optical magnification applied for the cross-
section of panel (d) in Figure 4. For film thicknesses above 500 nm a constant increase of the wrinkle amplitude can be
observed. A linear fit y =(0.576 £0.026) nm/mm x /¢ - (299.8 £29.8) nm describes the characteristic slope. The
intersection of the liner function with the y-axis is found at (510 + 30) nm, characterizing the onset of wrinkle formation.
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Figure 5. The extracted average wrinkle amplitude is presented with respect to the thickness of a UV-treated PDMS film.
The resolution of a 50 times optical magnification limits the determination of the wrinkle amplitude for film heights below
500 nm. For film thicknesses above 500 nm a linear fit describes the increase of wrinkle amplitude with increasing film
height.

3.3 Morphology of UV-treated PDMS coated with a 10 nm-thin Au-film
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900 nm

r
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Figure 3. A 3D laser scanned micrograph with 50 times optical magnification presents the morphology of UV-treated,
900 nm-thin DMS-VO05 film, partially covered with sputtered 10 nm-thin Au.

Surface characterization of a sputtered Au-electrode is presented in Figure 6. 3D laser microscopy with a 50 times
optical magnification reveals the morphology of the UV-treated, 985 nm-thin DMS-VO05 film partially covered with a
10 nm Au-layer. The sketch at the top of the photograph indicates the edge of the Au-mask applied within the sputtering
vacuum chamber. Within the uncovered area of pure UV-treated PDMS the typical wrinkled surface with average
amplitude of about 280 nm is observed. An associated mean surface roughness of (190 + 10) nm is detected for a
spanned area of 100 x 100 um?. The surface of Au-covered PDMS exhibits a flattened morphology with a mean surface
roughness of (45 £ 7) nm within an area of same size. At the edge generated by the mask a thickness gradient of the
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deposited Au-film can be observed. This effect occurs due to the unidirectional sputtering conditions within the sputter
setup inducing an Au-shadow below the mask. Within this region a gradual increase of wrinkle amplitude with
decreasing Au-thickness is detected.

4. DISCUSSION

Contrary to the studies on elastic properties of end-linked PDMS networks of Mark ef al. [17], AFM nano-indentations
revealed no correlation between elastic modulus and the utilized molecular weight of the UV-polymerized PDMS
networks. An exponential decrease of elastic modulus with respect to indentation depth is found. We correlate this to the
strong absorption of the UV-light in the PDMS surface near region. According to Lambert-Beer law the absorbance is
logarithmically dependent on the penetration depth. The PDMS effective absorption coefficient of 3.27 x 10* cm™ at a
248 nm irradiation wavelength [25] does result in an absorbance above 90 % at a penetration depth of about 270 nm. For
irradiation depths above a few hundred nanometers fractional amounts of UV irradiation are transmitted. Thus, the
radicalization and subsequently the speed of radicalization follow the irradiation profile, resulting in a high radicalization
rate at the surface and decreasing rate with increased penetration depth. This concentrated absorbance of UV light
located close to surface results in a highly cross-linked surface near region descending within the first few hundreds of
nanometer to a bulk region with elastic modulus of (87 + 7) kPa. The bulk elastic modulus is relatively low compared to
that of PDMS micrometer-thick films reported in literature with a few MPa [18, 26, 27]. A surface near region has also
been reported for heat-cured PDMS exhibiting an increased elastic modulus down to a thousand nanometers [26].
Nevertheless, this effect is contributed to an enriched cross-link density within the surface region. Contrary, we attribute
the high elastic modulus of the UV-treated PDMS surface to a SiO-enriched layer (1.5 < x <2) of a few nanometers as
reported in literature [8]. At irradiation wavelengths below 190 nm methyl groups become sensitive to radicalization. C-
H or even Si-C bonds are radicalized and methyl side groups are separated from the Si-O backbone of the PDMS chain
[11, 20, 21]. Thus, the detected low bulk modulus of PDMS allows for the interpretation of a partially polymerized
PDMS network underneath a silica-like surface.

The film morphology characterization has revealed wrinkled surface microstructures for all UV-cured PDMS films. We
also correlate this to the inhomogeneous UV-irradiation density perpendicular to the film surface. Furthermore, the high
absorption within the surface near region localizes the heating of PDMS film. Due to the different expansion coefficients
of PDMS and silica a stress at the interface is induced. The stress-release after UV-treatment termination results in a
wrinkled surface structure. Based on Genzer et al. the thickness of the silica-like surface layer can be calculated

according to Equation 5 [28].

2 1/3

pe A U=VE, 5)
27 (1-v)E,

Exemplary AFM surface scans of the DMS-V21 1.2 um-thin film show unidirectional distribution of wrinkles with a
wavelength A =(4.5+0.2) um. With the elastic moduli E;=87 kPa, E;=36.7 GPa and the Poisson’s ratio vs=0.5,
v = 0.17 of the PDMS substrate and the silica film, the thickness % of the silica-like film on the surface was determined
to (10.1 £0.4) nm. The dependency of wrinkle amplitude with respect to the film thickness follows a linear behavior
with a threshold at a film thickness of (510 + 30) nm. This increase of wrinkle amplitude is related to the cross-linking
density, which decreases with increasing thickness of the underlying PDMS film. The determined threshold of wrinkled
microstructures, the oscillation wavelength as well as the thickness of the silica-like surface skin are dependent on the
irradiation intensity.

Nevertheless, it has been found that wrinkled surface patterns enhance the stretch ability of electrode layers on soft
substrates [29]. Thus, a sputtered 10 nm-thin Au-electrode on UV-treated DMS-VO05 has been characterized by means of
3D laser scanning microscopy. On the Au-covered surface, no wrinkled surface microstructures are present. A decrease
of mean surface roughness by a factor of 4.5 is found for a UV-treated DMS-V05 film coated with 10 nm Au compared
to uncoated, UV-treated DMS-V05. We relate the vanishing of wrinkled surface structures to the plasma environment
while the Au-film growth process. Similar to UV-light treatment, plasma-treatment induces high energy densities within
the surface near region [30]. Heat-induced uniaxial stretching of the silica like surface promotes a smoothened surface
after Au-film deposition.
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5. CONCLUSIONS

We have demonstrated that UV-cured polydimethylsiloxane films exhibit a silica-like surface with thickness up to 10 nm
and a soft bulk region with elastic modulus down to 87 kPa. Due to the limitations of spin coating, we expect that films
with thicknesses of a few hundred nanometers to be only partially polymerized. Thus, the anticipated dependency of
elastic modulus with respect to the molecular weight of the polymer was not detected. For detailed investigations, we
propose MBD of PDMS to realize nanometer thin films. This technique would enable an in-situ UV-curing while the
PDMS oligomers reach the substrate and thus a homogenous polymerization grade within the whole PDMS films.

From 3D laser microscopy scanning and atomic force microscopy characterizations we conclude that wrinkled surface
microstructures on UV-cured PDMS films occur at a thickness threshold, which is dependent on the irradiation intensity
and treatment time of the UV-light. With increasing PDMS film thickness the amplitude of these wrinkles increases in a
linear fashion. Based on sputtered Au-deposition the wrinkled microstructures can be released. The resulting pre-
stretched Au/PDMS sandwich structure would qualify for highly stretchable electronics [31]. Regarding the operation
conditions for EAP-based artificial muscles, high strains with maintained conductivity are needed. Thus UV-induced
wrinkled microstructures can be advantageous for potential stretchable contact layers for DEAs.
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2.3 Strain-dependent characterization of electrode and polymer
network of electrically activated polymer actuators

Four point measurements on sputtered Au on polydimethylsiloxane reveal a step-like
increase in bulk resistivity for Au-film thicknesses below 10 nm.

Improved conductivity for 10 nm-thin Au films compared to 30 nm-thin Au films
with areal strain applied.

10 nm-thin Au films tolerate areal strains above 20 % with maintained conductivity.

The cantilever bending setup qualifies to determine the elastic properties and cross-
linking density of polydimethylsiloxane films.
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ABSTRACT

Fecal incontinence describes the involuntary loss of bowel content and affects about 45 % of retirement home residents
and overall more than 12 % of the adult population. Artificial sphincter implants for treating incontinence are currently
based on mechanical systems with failure rates resulting in revision after three to five years. To overcome this drawback,
artificial muscle sphincters based on bio-mimetic electro-active polymer (EAP) actuators are under development. Such
implants require polymer films that are nanometer-thin, allowing actuation below 24 V, and electrodes that are
stretchable, remaining conductive at strains of about 10 %. Strain-dependent resistivity measurements reveal an
enhanced conductivity of 10 nm compared to 30 nm sputtered Au on silicone for strains higher than 5 %. Thus, strain-
dependent morphology characterization with optical microscopy and atomic force microscopy could demonstrate these
phenomena. Cantilever bending measurements are utilized to determine elastic/viscoelastic properties of the EAP films
as well as their long-term actuation behavior. Controlling these properties enables the adjustment of growth parameters
of nanometer-thin EAP actuators.

Keywords: Compliant electrode, ultra-thin gold-film resistivity, four-point conductivity measurement, cantilever
bending, asymmetric planar electro active polymer, polyetheretherketone, polydimethylsiloxane, viscoelasticity

1. INTRODUCTION

The changing demographics of modern society have resulted in the increasing prevalence of socially and economically
significant, age-related diseases. Among them is a loss of control of the defecation process, also known as fecal
incontinence (FI) [1]. FI encompasses all forms of involuntary loss of bowel content, including flatus, mucus, liquid and
solid feces. In adults, the overall prevalence of FI is between 11 and 15 % [1] and increases with age [2]. Approximately
one third of individuals in retirement homes or similar institutions are affected [2]. FI prevalence in retirement homes in
the U.S. is about 45 % [3, 4], a figure which agrees with those found in European cross-sectional studies [5]. Individuals
with FI experience detrimental effects, which include the exclusion from social life, isolation and stigmatization [1], and
economic impact [2].

Artificial sphincter implants offers a possible solution to treat severe fecal incontinence. Yet, it remains a significant
challenge for the researchers to build artificial muscles to reproduce the capabilities of the natural sphincter [6].
Currently available implants show long-term re-operation rates of 95 % and definitive ex-plantation rates of 40 %. The
high risk of failure excludes these implants from everyday surgery. Electrically activated polymer (EAP) actuators can
potentially fill the pressing need for a bio-mimetic implant [6]. Technical advantages of EAPs include their versatility,
response time, forces, and energy consumption [7]. Biomimetic artificial sphincters based on EAPs will support a rapidly
adaptive pressure response, comparable to the natural feedback mechanism of the human body.

An artificial sphincter device might be actuated by an EAP-based sandwiched nanostructure and controlled by an
implantable battery-powered microcomputer re-charged using the power of the human body. The innovation lies in the
avoidance of constant compression and therefore erosion of the tissue. For example, a series of shutter modules work
over a pre-defined length of the digestive tube or the urethra and should open and close in a certain time sequence.
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26 2 Results

To employ EAP structures as active and powered implants, voltages should not exceed the medically acceptable range of
24 V. Multi-layer stacks allow the actuation of multiple low-voltage dielectric EAP structures with a thickness in the
nanometer regime to be harnessed in parallel. Such stacking results in an effective actuation comparable to that of
currently available high-voltage EAP structures with a thickness in the micrometer range. Yet, the impact of the Young’s
modulus of the metal on the effective modulus of the entire EAP structure is pronounced in multi-stack actuators, even if
the electrodes are much thinner than the polymer layer. Compliant electrodes that do not dominate the stiffness of the
entire structure have yet to be clearly identified, although several potential candidates exist. Bi-layer systems of soft
polymer bulk material and rigid thin-layered coatings have been studied for applications in packaging and
microelectronics. It has thus been found, for example, that ultra-thin noble metal films on polymers including
polydimethylsiloxane (PDMS) give rise to strains well above 10 % [8].

For the optimization of polymer films as well as the ultra-thin metal layer electrodes in dielectric electro active actuators
(DEA)-microstructures, several measurement techniques must be employed. In our case, a combination of two
techniques allows the electrical and mechanical properties of the actuators to be quantified. The electrical conductivity of
the electrodes is essential for the response time of the actuator and must be characterized for the optimized performance
of the engineered artificial muscle. Four-point measurement is a well-established technique that allows the measurement
of the electrode resistivity [9-12].

In addition, mechanical properties such as elasticity and viscoelasticity are crucial for the success of an EAP actuator.
Cantilever-bending measurements are based on an established technique used in a broad range of applications, for
example atomic force microscopy [13-18]. We have previously demonstrated that cantilever bending is a method well
suited to evaluate EAP microstructures with high angular resolution at low voltages [19, 20]. Finally, qualitative
knowledge of the morphological details can support the quantitative results obtained by the four-point conductivity and
cantilever-bending measurements. The morphology of the substrate is characterized through the combination of optical
microscopy and atomic force microscopy.

2. EXPERIMENTAL
2.1 Cantilever preparation

The asymmetric EAP-microstructures evaluated were built on polyetheretherketone (PEEK) substrates (APTIV 2000,
Victrex, Lancashire, UK) with a thickness of 25 um or the n-doped Si-wafers with a thickness of (20 + 10) pm from
Wafer World Inc., West Palm Beach FL, USA. The PEEK films were cut to the dimensions of a 3-inch wafer. The
substrates were cleaned with acetone (Merck KGaA, Darmstadt, Germany). Subsequently, gold (Lesker, East Sussex,
UK) was magnetron-sputtered on the rougher side of the PEEK film, mean surface roughness about 0.8 um, or on the
polished side of the Si wafer under vacuum conditions at room temperature. The related sputtering conditions in the
Balzers Union SCD 040 system (Balzers, Lichtenstein) corresponded to 0.05 mbar Ar-atmosphere (Carbagas AG,
Giimligen, Switzerland) and a constant working current of 30 mA. The thickness of the Au electrodes ranged from 7 to
30 nm, determined by a calibration curve plotting time versus thickness measured using a quartz crystal microbalance
(QSG 301, Balzers, Balzers, Lichtenstein). In the next step, the Au-covered substrates were spin-coated using PDMS
(Elastosil 745 A/B, Wacker Chemie AG, Munich, Germany) mixed in a volume ratio 1:1 (component A and B) or
Sylgard 184 (DowCorning, Wiesbaden, Germany) with a ratio of 10:1 of elastomer to curing agent with rotation speeds
to obtain layer thicknesses ranging from 2 to 5 um. Before crosslinking the PDMS films at a temperature of 120 °C for a
duration of 30 to 120 minutes, the coated substrates were partly submerged into ethyl acetate (Fisher Scientific, Reinach,
Switzerland) to dissolve and wash off the PDMS in order to become access to the lower electrode as described
previously [21]. After PDMS-crosslinking, a mask covered some parts of the structure to obtain two electrodes with a
step-like profile as displayed in Figure 5 of Ref. [22]. The uncovered PDMS surfaces were then sputter-coated with Au
under the comparable conditions as the first electrode.

2.2 Bending measurement

In principle, the operation mode of electrically activated polymer (EAP) structures is based on the COULOMB attraction
between positively and negatively charged electrodes embedding a dielectric elastomer such as silicone or acrylic based
polymers. If a voltage is applied the two electrodes become oppositely charged and due to the attraction force squeeze
the elastomer layer in z-direction, whereas the area increases because the volume is assumed to remain constant. Thus, an
voltage-dependent expansion in x- and y-directions can be observed.
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In case of an asymmetric planar structure such as a cantilever-shaped structure the applied strain will induce a torque,
which results in a bending of the structure if one end is fixed on a mount while the other one freely moves [20]. To
isolate the EAP-microstructure electrically, a Teflon mount was chosen. The voltage was applied via wires coated with
drops of fluid metal (Coollaboratory Liquid Pro, Coollaboratory, Magdeburg, Germany). The bending can be recorded
by a position sensitive detector (PSD), which detects the displacement of the reflected laser beam as described previously
[20, 21]. To avoid disturbance of this sensitive displacement detection by external acoustic, motional, and thermal
influences the entire setup is sealed within an aluminum box [22].

2.3 Four-point conductance measurement on soft substrates

To quantify the sheet resistance R, of the conducting electrode layer we used the well-established four-point method,
schematically shown in part (a) of Figure 1 [10, 11]. In contrast to two-terminal sensing the advantage of four-terminal
sensing is that the resistances of wires, contacts and the internal resistance of ampere meter and voltage source will not
influence the result, since the current does not circulate through the electrodes returning the voltage difference [11].
Applying current / through two point-like outer contacts on an infinite plane gives rise to an electrostatic potential ¢(r).
If this potential is measured at the two inner contacts and the four contacts are aligned equally spaced on a straight line,
the resulting voltage difference can be written according to Ref. [23]:

In(2)
U = (r1) = 9(ra) = =~ Ru1 "
Since the sample is finite and the current- and voltage-connecting tips are not infinitesimally small, geometric effects
must be considered [10]. Therefore, the Hall-bar symmetry (see scheme part (a) of Figure 1) was applied to determine
the dependence between resistance and electrode thickness of Au on PDMS. The voltage drop is measured at two
contacts not lying in the current flow. Therefore, effects due to tip sizes are negligible. The resistance of a Hall bar of
length L and width W is obtained by

UW

B=TT )

To determine the strain-dependent resistance, a circularly shaped Au layer with a diameter of 37 mm was deposited on
PDMS, which was spin-coated on a VHB F9460PC film (3M, St. Paul, USA) and subsequently mounted on a translation
stages to be stretched. The distance s between the tips was set to 5 mm. Correction factors are available to compensate
for the round shape of the layer [12]. If the four-point probe is centered and the tips are equally spaced with distance s,
the voltage drop on a circularly shaped sample with diameter d is:

In(2) + In (_(‘Z)2 * 3)

IR,
(223

™

U

3

The setup did consist of four semi-spherical probe tips (SPA-3J, Everett Charles Technologies, Distrilect) mounted on
micro positioners (Signatone, aps Solutions GmbH, Munich, Germany) to place the measurement tips on the specimen
individually. A non-destructible contact between tip and specimen was realized by adding a liquid metal drop onto the
tip (Coollaboratory Liquid Pro, Coollaboratory, Magdeburg, Germany). To apply current and determine the voltage drop,
a commercially available source meter (Keithley 2401) and a multimeter (Agilent 34461A Truevolt) were employed. For
the measurements a constant current of 10 mA was chosen. The variation of voltage was detected.

2.4 Imaging of EAP-electrodes

The Au surface was imaged with an optical light microscope (Stemi DV4 SPOT, Carl Zeiss AG, Feldbach, Switzerland)
using an optical magnification of 50. For higher spatial resolution an atomic force microscope (AFM), FlexAFM
ARTIDIS system, Nanosurf AG, Liestal, Switzerland, was applied. Here, areas of 97.5 um x 97.5 um (512 x 512 points)
were recorded in tapping mode with a Tap150AI-G tip (Budget Sensors, Innovative Solutions Bulgaria Ltd., Sofia,
Bulgaria). For visualization purposes mean plane subtraction was applied using the Gwyddian software (Department of
Nanometrology, Czech Metrology Institute, Brno, Czech Republic).
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3. RESULTS
3.1 Thickness- and strain-dependent resistivity of nanometer-thin Au electrodes on PDMS

Figure 1 represents experimental data of the four-point measurements for Au on PDMS. Part (b) includes the dependence
of the bulk resistivity to the layer thickness determined within the Hall-bar symmetry, as sketched in part (a). The
relation between measured resistance R,, according to Equation 2, and the bulk resistivity p is simply the product of
resistance and electrode thickness d [10].

p=Rsd 4

For Au thicknesses larger than 14.0 nm a constant bulk resistivity of (1.4 +0.2) 107 Qm was observed. Although the
resistance increases from (6.7 +=0.7) via (7.5+0.8) to (10.4+1.1) Q for 21.0, 17.5 and 14.0 nm, respectively, their
product stays constant. A further reduction of the Au layer thickness, however, leads to a larger increase of their
resistance, i.e. (22 £ 2) and (103 £ 11) Q for 10.5 and 7.0 nm. Additionally, a remarkable increase of the bulk resistivity
to (2.31 +£0.22) and (7.21 = 7.80) 10”7 Qm is obtained.
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Figure 1. (a - b) The four-point resistance measurements of sputtered Au layers on PDMS are shown. The Hall-bar
symmetry was chosen to exclude the influence of the contact resistance through the tips. The bulk resistivity p is comparable
to the literature values of 0.2 x 10" Qm for stress-free gold layers on PET [24] if no stress is applied. (c - d) The strain
dependence of resistance R, and bulk resistivity p was determined with a four-point measurement on a 60 mm x 60 mm
VHB film for 30 and 10 nm-thin Au films on PDMS. A maximal areal strain of up to 23 % in one lateral direction of the
multilayer stack was applied. The fits illustrate the linear behavior of the bulk resistivity for areal strains up to 8 %.
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Parts (c) and (d) of Figure 1 present strain-dependent resistance and resistivity data of 10 and 30 nm-thin Au films on
PDMS. An in-line setup of four tips each 5 mm apart was fixed, whereas the sample mounted on a VHB-film was
stretched. For this setup, the resistance was calculated according to Equation 3. In a relaxed state a 1.5 times lower
resistance for 30 compared to 10 nm-thin Au layer was detected. Both, the 10 and 30 nm-thin Au layers exhibit a bulk
resistivity, which is at least one order of magnitude higher than for thicker Au layers on PDMS deposited on PEEK. This
behavior might be due to the flexibility and related morphology changes before the controlled areal strain could be
applied.

When a lateral strain is applied to this multilayer stack a rise of resistance is monitored. Here, the slope for the 30 nm-
thin layers is larger than for the 10 nm-thin layers on PDMS. At an areal strain above 5 % the 30 nm-thin Au layer
exhibits a higher resistance than the 10 nm-thin Au layer on strained PDMS. The translation of resistance into bulk
resistivity according to Equation 4 reveals a linear slope for the resistivity with increasing strain of up to 8 %. For the
thicker Au film this slope was found to be 5.6 times higher than for the thinner one, cp. (2.13+0.09) vs.
(0.38 £ 0.03) 10° Qm. At 13 % areal strain the 30 nm-thin Au layer shows a two orders of magnitude higher resistivity
with respect to the 10 nm-thin Au layer.

One might expect that the changes in the conductance relate to the surface morphology. Therefore, 20 % areal strain was
applied to the 10 and 30 nm-thin Au films on PDMS and optical micrographs, as shown in Figure 2, captured. The strain
was applied in horizontal direction of the image orientation. The images with selected magnifications illustrate the
relaxation behavior of the EAP-structures under strain.

30 nm Au

250 pm

500 pm

1000 pm

=1

Figure 2. Optical micrographs of 30 nm (left side) and 10 nm (right side) thin Au-layers sputtered on PDMS on top of
stretched VHB-films are shown. Horizontally to the images shown, 20 % areal strain was applied.

Proc. of SPIE Vol. 9430 94300B-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/09/2016 Terms of Use: http://spiedigitallibrary.or g/ss/Ter msOfUse.aspx



30 2 Results

The 30 nm-thin Au layer forms islands of millimeter size. Cracks of up to 30 um in horizontal direction occur. At the
same strain level, the 10 nm-thin Au shows smaller islands and cracks with a width of only a very few micrometers. The
images with lowest magnification in Figure 2 reveal the average crack densities, i.e. 4 and 30 mm™ for the thicker and
thinner Au-layers, respectively.

The AFM images represented in Figure 3 give a more detailed insight into the surface morphology of the Au-layers. In
the relaxed state, the surfaces appear smooth. The features up to 60 nm high are attributed to dust particles common if
the layers are prepared under ambient conditions. After the application of 20 % areal strain one also recognizes the five
to ten micrometers wide cracks on the 10 nm-thin Au layer. The AFM data, however, also show horizontally orientated
wrinkles with the height of 1.1 and 2.2 pm for 10 and 30 nm-thin Au-layers, respectively. This microstructure is
probably a result of the shrinking of the VHB film in vertical direction to compensate for the stretching in horizontal
direction. For thicker Au-layers the amplitude of the wrinkles is not only two times larger but also their width of
approximately 9.0 um is significantly larger with respect to the value found for the 10 nm-thin Au-layers, i.e. 2.3 um.
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Figure 3. The AFM images of 30 and 10 nm-thin Au-layers sputtered on PDMS demonstrate the effect of applying 20 %
areal strain in horizontal direction to the image. One finds periodically arranged wrinkles of micrometer size.

3.2 Elastic properties of EAPs determined by cantilever bending

For the actuation analysis of EAP microstructures the cantilever bending method is a powerful tool to access the elastic
properties. For example, one can study the actuation as the function of polymerization time. The curvature of the
cantilever depends on the applied voltage, as for example shown in Figure 4. EAP actuators based on Elastosil A/B,
embedded between 15 nm-thin Au electrodes, and deposited on 25 pm-thick PEEK films were heat cured for 1.8 x 10° s
(0.5 h) and 7.2 x 10 s (2 h), respectively. Subsequently, an actuation voltage of 200 and 400 V was applied for a period
of 80 s. The actuator cured for the shorter period of time (0.5 h) showed more than doubled deflection compared to the
other actuator. Nevertheless, its actuation dropped within a period of 10 to 20s to a lower but stable value. This
relaxation process can be characterized by the time constant 7, which was determined by an exponential fit function to
7=(2.93 £0.03) s, see Figure 4. For actuator heat-cured for two hours no such relaxation behavior was observed.
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Figure 4. The actuation behavior of EAP-microstructures on PEEK cantilevers is presented for actuation voltages of 200 and
400 V and compared for curing times of 1.8 and 7.2 10* s (0.5 and 2.0 h), respectively. Heat curing of the Elastosil A/B
layers at a temperature of 120 °C seems to be incomplete, if the curing time is restricted to half an hour. Nevertheless, the
actuation is larger for the incompletely cured layers than for the fully polymerized elastomer.

It is worth mentioning that a certain period of time, which is about 10 s, is required to observe the maximal curvature. A
similar phenomenon is found, when the voltage is switched off, cp. Figure 4.

To gain a more detailed insight to the actuation as the function of the curing time, the period for curing was set to 1.2,
1.8, 2.4, 3.6 10° 5. The corresponding time constants for relaxation were derived and are summarized in Table 1. This
table also contains the ratios between the maximal bending and the one measured after equilibration. As expected, the
relative actuation relaxation values decrease and the time constants increase as the curing time is extended.

Table 1. Relaxation parameters obtained from an asymmetric EAP-structures based on Elastosil A/B, see section 2.2, heat
cured at a temperature of 120 °C for a period between 1.2 and 3.6 10° s, i.e. 20 to 60 minutes. The presented relaxation
characteristics were determined at an actuation voltage of 400 V, which corresponds to a Maxwell strain of 22 %.

Time of heat curing [10° s] 7 [s] Actuation relaxation [%]
1.2 0.32+0.01 93+1
1.8 29+0.6 43+2
2.4 14+2.8 36+4
3.6 60 + 24 14+2
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3.3 Actuation characteristics determined by multi-cycle cantilever bending

The cantilever bending induced by EAP-actuators on top of a polymeric substrate including PEEK has been successfully
applied to characterize the electrode properties [21]. Nevertheless, reasonable reliability tests over a longer period of
time and a related number of cycles require stability of the experimental setup and the EAP-structure. Therefore, the
actuation characteristics of EAP-structures consisting of 2 um-thin PDMS (Sylgard®184 silicone elastomer, Dow
Corning Corporation, Midland MI, USA) with 20 nm-thin sputtered Au electrodes on single-crystal 20 um-thick Si
substrates were measured. The curvature of the cantilever directly yields the actuation amplitude. Figure 5 displays the
results as a function on the cycle number and the time (logarithmic scale). For an applied voltage of 32 V the actuation is
initially increasing until the electrodes of the EAP-structures are fully charged. During the actuation polymer and
electrodes develop a characteristic defect structure associated with changes in the actuation amplitude. After about 300
actuation cycles the changes become negligible. Applying a three times higher actuation voltage, i.e. 96 V, one also
observes this behavior with a steady state level reached at 1,600 cycles.

Printing the time scale in logarithmic fashion, as given in the right diagram of Figure 5 reveals that during the first 10 s
charging periods the used 96 V pulses are too short to fully load the capacity of the EAP-structure.
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Figure 5. Bending of a 20 um-thin Si cantilever induced by a 2 um-thin EAP-structure on top. Applying 1,600 pulses of 32
and 96 V with a frequency of 0.1 Hz, the curvature changes in a characteristic manner. The charging and discharging of the
EAP-structure follows the conventional behavior of the resistance-capacitance circuit. Thus, the EAP-actuator is fully
charged after a number of cycles, given by the pulse frequency.

4. DISCUSSION

The four-point conductivity measurements on nanometer-thin Au films revealed the expected increase of sheet resistance
with decreasing layer thickness. Nevertheless, the related bulk resistivity was found to stay constant for a film thickness
down to 14 nm, implying that Au films on polymeric substrates with thicknesses above that level keep their bulk-like
conductivity behavior. For a smaller thickness, a remarkable increase of the bulk resistivity was detected, concluding that
a continuity of the Au film cannot be assumed [24]. The findings correspond to the measured bulk resistivity of 50 nm-
thin Au on PDMS with 3.5 107 Qm [9] and 2 10”7 Qm for 21 nm-thin Au on polyethylene terephthalate (PET) [24]. The
transition thickness, at which the step-like increase of bulk resistivity occurs, was found between 5 and 7 nm for Au on
PET [25]. The difference to the data in the present communication, i.e. between 10.5 and 14.0 nm for Au on PDMS, is
probably a result of the surface morphology and defect structure of the Au film, which depend on the substrate film and
the deposition parameters. It should be noted that the layer resistivity above the transition thickness is about one order of
magnitude higher than that of bulk gold, i.e. 2 10® Qm [26]. The low thickness values, related to less compact
arrangements of the Au atoms, justify the difference derived.

In the range up to 8 % areal strain the strain-dependent resistivity measurements revealed a significantly greater linear
increase for 30 nm-thin Au film than for the 10 nm-thin one. Optical micrographs have evidentially shown that for the
thicker Au film larger cracks occur and thus hinder the current flow in the direction of applied strain. At 20 % areal
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strain the thinner Au film exhibited a crack density of 30 mm', more than a factor of seven larger than for the three times
thicker Au film. It becomes therefore clear that the more compact and bulk-like Au film is the less adaptable to the
substrate under strain. The larger crack width between the islands of the thicker Au film results in the steeper slope of the
resistivity as the function of the applied strain. This behavior is disadvantageous for the response time of the actuator,
which is directly proportional to the resistance of the electrodes. Furthermore, it implies that during actuation
micrometer-size regions form, in which no electrical charge can be deposited, thus resulting in reduced actuation
efficiency. The results of Graz et al. [9] revealed that for a 50 nm-thin Au films grown on 5 nm-thin Cr the increase was
found to be linear up to 20 % strain with a slope of 0.65 10 Qm/%. This value is three times smaller than the one for the
30 nm-thin Au layer grown on PDMS.

The cantilever bending measurements allow for the characterization of the actuation response of the electrically activated
polymer layer. Exemplarily, we investigated dielectric actuators based on heat-cured Elastosil A/B. The polymer film
shows a curing-time dependent compliance under strain. Increasing the curing time of the polymer layer the relaxation
process of the actuation decreases. Simultaneously, the relaxation is slowed down, which we quantified by means of a
time constant. As the completely cross-linked PDMS layers are known to be incompressible, we can attribute the
observed change of actuation response to the degree of cross-linking within the polymer network. Consequently, the
cantilever bending method enables us to assess the viscoelastic response of polymer thin films to the applied MAXWELL
strain. It represents a promising alternative to the established characterization of thermal wrinkling of confined polymer
films [27] in order to determine the elastic and viscoelastic properties of micrometer-thin films.

Furthermore, we performed multiple-actuation cycling of the dielectric structures on single-crystalline Si cantilever
substrates. The bending of the cantilever was reliably recorded for several hundred charging cycles with a frequency of
0.1 Hz. One observes, however, temporal changes in amplitude and characteristic offsets, which depend on the applied
voltage. Although we cannot explain the related phenomena in quantitative fashion, we believe that a combination of
reasons can be assigned. Reordering of atoms and molecules within the electrode and polymer layers occur. In addition,
the n-doped Si substrate with the native oxide on top could be charged as the result of the applied voltage pulses. This
phenomenon could also explain the high level of deflection, which is well above the predicted values by STONEY
formula [20]. The hypothesis, that the 20 or 30 nm-thin SiO,-layer acts as solid dielectric and generates an additional
torque on the substrate, has to be proven, but sounds reasonable.

5. CONCLUSIONS

From the strain-dependent conductivity measurements we conclude that 10 nm-thin Au electrodes are a reasonable
choice, although they show a resistivity twice as high as films thicker than 14 nm. Optical and AFM imaging served for
the visualization of the defect structure of the thin-film Au electrodes. These images, that show a network of cracks,
allow for an explanation of the electrode-thickness-dependent actuation characteristics for strains of up to 20 %.

We have demonstrated that the cantilever bending approach enables the measurement of the mechanical properties of the
partially polymerized silicone films, which were heat-cured for selected periods of time. The actuation response can
quantitatively be described using the decay constant and the total relaxation of actuation, both dependent on the degree
of cross-linking of the confined micrometer-thin polymer film.

The cantilever bending approach also yields the voltage-dependent characteristics of multi-cycle actuation with a
frequency of for example 0.1 Hz. For the single-crystalline Si substrate we identified actuation amplitudes that are higher
than expected. The characteristic temporal behavior includes a relaxation of the maximum deflection with increasing
number of actuation cycles, a phenomenon equally pronounced for the applied voltages. The detailed understanding of
these observations need further research activities.
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2.4 Siloxane-based thin films for biomimetic low-voltage
dielectric actuators

Single layer dielectric elastomer actuators based on thermally evaporated, UV-cured
polydimethylsiloxane sandwiched between sputtered Au-electrodes are fabricated.

The choice of pre-polymer determines the depositions rates for PDMS thin film
preparation.

The PDMS chain length defines the network density - the stiffness of the polymer
network can be tailored.

Manufactured as asymmetric cantilever structures, the bending characteristic re-
vealed a maintained actuation of a 200 nm-thin film, activated in the voltage range
between 1 and 12V, compared to a 4 pm-thick, spin-coated film, operated between
100 and 800 V.

The force of a 200 nm-thin film cantilever actuator is quantified to about 10~*N.

A multilayer actuator with more than 10* layers would reach forces comparable to
natural muscles.

Published in Sensors and Actuators A: Physical



2.4 Siloxane-based thin films for biomimetic low-voltage dielectric actuators 37

Sensors and Actuators A 233 (2015) 32-41

journal homepage: www.elsevier.com/locate/sna

Contents lists available at ScienceDirect

Sensors and Actuators A: Physical

Siloxane-based thin films for biomimetic low-voltage dielectric

actuators

@ CrossMark

Tino Topper*, Florian Weiss, Bekim Osmani, Christian Bippes,

Vanessa Leung, Bert Miiller

University of Basel, Gewerbestrasse 14, Allschwil, CH 4123, Switzerland

ARTICLE INFO ABSTRACT

Article history:

Received 10 December 2014

Received in revised form 15 June 2015
Accepted 15 June 2015

Available online 30 June 2015

Keywords:
Polydimethylsiloxane
Molecular beam deposition
AFM nanoindentation
Ultraviolet spectroscopy
Mid-infrared spectroscopy
Cantilever bending
Artificial muscle

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 12V, maintains the actuation compared to a 4 um-
thick, spin-coated film, operated between 100 and 800 V. The force of the presented 200 nm-thin film
cantilever actuator was about 104 N. This means that a multilayer actuator with more than 10* 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
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

tion (MBD), we follow the pathway to reduce the film thickness
to the sub-micrometer range. Compared with the well-established

Research on dielectric, electrically activated polymer (EAP)
actuators for biomimetic implants focuses toward a signifi-
cant reduction of the actuation voltages [1,2]. Micrometer-thick,
silicone-based polymer films, prepared for example by spin-
coating, require voltages in the range of several 100V to a few
kV to reach thickness strains of 25 to 48% [3,4]. Although the gen-
eration of high voltages through electromagnetic transformers is
established, the limitations are large component size and often rel-
atively low efficiency. Associated costs and potential health risks
for medical device applications within the human body are fur-
ther drawbacks. Therefore, one should either increase the dielectric
constant of the polymer, for example by adding fillers in the elas-
tomer network [5,6], or decrease the film thickness to reduce the
operation voltage. Taking advantage of molecular beam deposi-

* Corresponding author.

http://dx.doi.org/10.1016/j.sna.2015.06.014

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 wm/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.

0924-4247/© 2015 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.
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It is hypothesized that MBD of vinyl-terminated polydimethyl-
siloxane (PDMS) with molecular weights M,, of 6000 and
28,000 g/mol allows for the preparation of low-voltage DEAs under
HV conditions. We know that siloxane-based polymers are dielec-
tric elastomers in actuator configurations because of their elasticity
and dielectric behavior. Strain levels of 30 to 40% were reached [10].
Especially the millisecond response and the acceptance as a bio-
compatible material for applications within the human body make
silicone suitable for biomimetic applications in artificial muscles
[10,11].

Cross-linking of PDMS is achievable through the presence of
functional groups either at the chain end or in the form of a co-
polymer. Covalent bonding can be realized either by heat-induced
curing using a catalyst [12] or applying ultra-violet radiation
to force the photo-initiated reaction of radicals [13,14]. Mid-
infrared (MIR)-spectroscopy, for example, can support the analysis
of polymerization in vinyl-terminated PDMS under continuous illu-
mination by means of a deuterium broadband lamp, avoiding any
use of cross-linkers or catalysts.

To characterize the performance of planar EAP actuators one
can place them on a rectangular cantilever and measure the bend-
ing as a function of the applied voltage. Recently, experimental
results of such a cantilever bending system [15] were published.
Here a 200 nm-thin silicone film was embedded between two Au
electrodes each 10 nm-thin. This EAP actuator was placed on a
25 wm-thick polyetheretherketone (PEEK) cantilever to obtain an
asymmetric structure, which notably bends through the applica-
tion of a voltage as small as a few volts. The cantilever bending
approach is known from atomic force microscopy and similar meth-
ods to be extremely sensitive, see e.g. [ 16]. Therefore, this approach
has also been applied for the current study.

It can reasonably be expected that low-voltage DEAs prepared
by means of biocompatible materials with intrinsic properties,
which include millisecond response and remarkable energy effi-
ciency [10], will not only become parts of medical implants but
find applications in a wide variety of other fields.

2. Materials and methods
2.1. Silicones used

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

2.2. Thermal characterization of PDMS

The characterization of thermal degradation was carried out
with thermal gravimetric analysis (TGA) using a TGA/SDTA851e
system (Mettler Toledo, Greifensee, Switzerland). The data were
acquired with a heating rate of 10K per minute under nitrogen
atmosphere for PDMS terminated with hydride and vinyl groups.
The temperature at which thermally induced crosslinking occurs
was determined by heating micrometer-thin films with a rate
of 5K per hour, starting from 150°C under atmospheric condi-
tions.

2.3. Thermal evaporation of PDMS
The deposition experiments were carried out under high-

vacuum conditions. After bake-out at a temperature of 120°C for
two hours, a base pressure of 10~8 mbar was achieved using a

Agilent SH-110 dry scroll pump (Swissvacuum Technologies SA,
Marin-Epagnier, Switzerland) with a pumping speed of 1101/min
in combination with Agilent V-81-M turbo pump (Swissvacuum
Technologies SA, Marin-Epagnier, Switzerland) with a pumping
speed of 771/s for N, at a rotation frequency of 1350Hz. We
utilized a low temperature effusion cell (Dr. Eber] 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 2cm?3). The temperature ramp of the evapo-
rator was adjusted to a heating rate of 10K per minute. When
the shutter of the evaporator was opened a rise of the vapor
pressure was detected to 1 x 10~ mbar and up to 5 x 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~! with steps of 4cm~'.

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 x 15 wm? or 20 x 20 wm?. Each spot was over-
laid with a 64 x 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 wm/s while the measurements were taken at a force setpoint
of 4nN.

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 wm (Elastosil A/B at 3000rpm for 1505, heat cured for 2h
at 120°C), were embedded between two 10nm sputtered Au-
electrodes (Magnetron sputter system, Balzers Union SCD040,
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Lichtenstein) and placed on a 25 wm polyetheretherketone PEEK
substrate (Aptiv 2000, Vitrex, Lancashire, UK). The related sput-
tering conditions corresponded to 0.05 mbar Ar-atmosphere and
a constant working current of 30 mA. The thickness of the Au
electrodes was 10 nm, determined by a calibration curve plotting
time versus thickness measured using a quartz crystal microbal-
ance (QSG 301, Balzers, Lichtenstein). To get contact access to
the lower electrode the grown PDMS layer was dissolved and
washed off partially by submerging the structure into ethyl acetate.
On the growth of an adhesion layer between PEEK and Au or
PDMS and Au was renounced to simplify the actuation charac-
terization. Nevertheless recently published results indicate that
the conductivity as well as the adhesion of a 10 nm-thin Au elec-
trode to the polymer is sufficiently high enough to follow strains
as large as 20% [20]. The thickness of the polymer layer after
MBD or spin-coating and following polymerisation was determined
using 3D laser microscopy (Keyence VK-X200, Keyence Interna-
tional, Belgium) with a spatial resolution of 0.5 nm in z-direction.
Finally, this stack was cut into asymmetric cantilever structures (cf.
Fig. 8).

With the advantage of no severe geometric restrictions, the
cantilever beam deflection method has shown the potential to char-
acterize the mechanics of thin films on a substrate [21-23], and
cells on a cantilever [24] or even on whole asymmetric EAP struc-
tures [25-27]. Therefore, we applied this method to characterize
EAP films by means of electrical actuation. A detailed description
of the utilized apparatus can be found in literature [15,26]. When
a voltage U is applied between the two electrodes, an electrostatic
pressure p leads to a strain in the vertical direction S, (Eq. (1)),
which is then, due to the incompressibility of the polymer network,
equally translated into a strain in horizontal directions Sy and S,,.

1 p 1 U\?2
S"_fsz_fﬁ_fﬁ%‘%‘)(hﬁ) (1)

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

_ mR
=61 -vs)h " ID

the strain Sy between the surfaces is proportional to the displace-
ment d, which is dependent on the substrate properties (elastic
modulus Es thickness hs). Merging Eqgs. (1) and (2) it becomes clear
that one can expect a quadratic dependence between the applied
voltage U and the displacement d. The ratio between displacement
d, cantilever length L, and the distance between the cantilever and
the detector D can otherwise be described by the inverse of the
bending radius R with d/LD=1/R.

Sy (2)

3. Results
3.1. Thermal characterization of PDMS

The thermal gravimetric analysis of the PDMS showed that
the temperature onset of molecular weight loss Tyeight-loss 1S,
with a value of 450°C £ 20K, 200K lower for hydride-terminated
(HMS-H271) than for the vinyl-terminated polymers (DMS-V21
and AB116647). In addition, we observed that hydride-terminated
PDMS started to form cross-linked networks at temperatures above
180°C+ 5K, whereas vinyl-terminated PDMS required tempera-
tures of 230°C + 5K to form cross-linked networks under ambient
conditions.
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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 x 10-% mbar. Eq. (3) describes the experimen-
tally observed time dependence as the fits (dashed lines) of the polymers with the
molecular weights of 6000 g/mol (dmax =(160.0+0.5)nm, T=(2.52+0.01) x 10*s)
and of 28,000 g/mol (dmax =(58.0 +0.2) nm, T=(6.56 +0.03) x 104 ), 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, a linear growth behavior for
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

Time £(h)
0.0 0.5 1.0 1.5 2.0 25 3.0

T T
120 °C 150 °C 180 °C

450

300

150

Film thickness d (nm)

0 2 4 6 8 10
Time £(10* s)

Fig. 2. The time dependence of the evaporation rate can be adjusted by the choice
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) x 10% s and the film thickness
at infinite time reaches (95+5), (280+1), and (530 + 1) nm, respectively.



40 2 Results
T. Topper et al. / Sensors and Actuators A 233 (2015) 32-41 35
T T T T T T T T
-5
4+ O r 800 E ,00008E80000 e 10_6m0I/I
A g 1 £ 1k o Pog = 10°mol/l

z J . >

=) al

N @ O

<3 - 600 § 0] o o

g g g ;

s g § |- :

c = o

[} 4400 € o) ] 0

3 2) = 2 : o

o £ <C n L

) E] o

e 200 £ - o

- x
g 0.1} RIL L o ]
r n . [ o
/- B o
T T T T T 0 J; R o
100 120 140 160 180 » ) 4 ) | = | e
Temperature 7(°C) 190 200 210 220 230

Fig. 3. The temperature dependences of the asymptotic film thickness dmax and the
fitted time constants 7 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
select the optimized source temperature to reach the desired film thickness within
the available period of time.

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

p(T)
V2mwmkT

The equation contains the Boltzmann constant k. During evapo-
ration of the two polymers at the source temperature of 120°C
the background pressure was 10-6 mbar. The relation between the
growth rates of the polymers with molecular weights of 6000 and
28,000 g/mol is therefore determined by the ratio of the square
roots of the molecular weights, i. e. about 2.2. Experimentally we
obtained growthrates of (130 £ 5)and (35 & 2) nm per hour, respec-
tively, which corresponds to a ratio of 3.7.

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

d(t) = dmax [1 —exp <—£)] . (4)

For the source temperature of 120 °C we have fitted the two param-
eters, i.e. the asymptotic film thickness dmax and the time constant
t. Fig. 1 demonstrates that the polymer with lower molecular
weight has a 2.6 smaller time constant than the PDMS with the
larger molecular weight. The ratio of the maximal film thicknesses
is found to be about 2.8.

The data of Fig. 1 show that using the present experimental
setup, the polymer DMS-V21, and a source temperature of 120°C
one cannot realize films with a thickness above 160 nm. Fig. 2
presents our attempts for the polymer DMS-V21 to increase the
maximal film thickness by applying higher source temperatures,
i.e. 150 and 180°C. This deposition experiment with a lower fill-
ing level of the source led to maximal film thicknesses of (95 +5),
(280+1), and (5304 1)nm, respectively. The related time con-
stants also significantly increased from (6.0 +0.3) via (8.6 £0.2) to
(10.4+0.1) 10%s.

Fig. 3 demonstrates that the asymptotic film thickness and
the related time constants linearly depend on the source tem-
perature from 110 to 180°C. The asymptotic film thickness as a
function of the source temperature is described using the linear fit
dmax(T)=(6.0£1.1)nm/K x T- (5804 130) nm. The time constant
follows a similar behavior: t(T)=(226 +31)s/K x T-(4704+40)s.
The error bars of the fit parameters not only contain statistical
errors derived from the fitted data but also reasonable estimates

(M= (3)

Wavelength (nm)

Fig. 4. Ultra-violet spectroscopy of the vinyl-terminated polymer AB116647,
diluted in hexane to 10~ and 10-6 mol/l. The 7 — 7* transition of the vinyl dou-
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 m—m" 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/mZ2. The irradiance at the wave-
length of 207.7 nm at a distance of 0.2m was measured to be
(3.0 +0.1) mW/m?2 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=CH,;) vibrations at the
wavenumbers of 1590 cm~1,1410cm~1,and 960 cm~!, as well as of
the C—H bond vibration at the wavenumber of 3060 cm~! 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~! and the SiCH,—CH,Si vibra-
tions around a wavenumber of 1130cm~! [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 1065cm™?,
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 1130cm~"! attributed to SiCH,—CH,Si vibrations.
The absorbance was normalized according to the Si—O—Si vibration band at the
wavenumber of 1065cm~! a feature assumed to be unaffected by the applied
radiation. (c) The change of the vinyl vibration (SiCH=CH,) at the wavenumber
of 1590cm~"! 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.)

Therefore, the spectroscopy data of Fig. 5(b) clearly indicate that a
significant number of SiCH,—CH,Si bonds have been formed as the
result of the UV treatment. At the wavenumber of 1130cm™"! the
absorbance increased from 0.22 to 0.26.

As exemplarily demonstrated for a wavenumber of 1590 cm™!
in Fig. 5(c), the peaks related to the vinyl bonds of the polymer
before the UV treatment disappear after such a treatment.

3.4. Young’s modulus determination of siloxane films

The frequency of the 4096 measured elastic moduli follows a
Gaussian distribution for both the spin-coated and the evaporated
DMS-V21 films. After UV-treatment, the spin-coated, 4 pm-thin
polymer had an average elastic modulus of (480.9 &0.2) kPa with
a half width of (16.2 £0.2) kPa, whereas the 200 nm-thin film pre-
pared by molecular beam deposition gave rise to an average elastic
modulus of (1685.8 & 1.4) kPa with a half width of (187.5 +2.8) kPa.
This means that the thin film prepared by evaporation at a source
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Fig. 6. The application of a voltage to the EAP micro- and nano-structures placed
on 25 wm-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
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 um-
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/um for the 200 nm-thin
DMS-V21 polymer and (120+12)V/wm for the 4 pm-thick Elas-
tosil film. The maximal detected curvature of the cantilevers
before breakdown was (2.67+0.2)m~! for the 4 um-thick can-
tilever actuator applying a voltage of 500V and (1.43+0.1)m™!
for the 200 nm-thin cantilever actuator using a voltage of 12V.
The corresponding driving forces, applied at the cross-sectional
area of the polymer film, are (5.9+0.7) 103N for the 4 um-
thick and (6.9 4 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 wm-thick actuator a curvature of (1.41 + 0.22) m~! was detected.
For the 200nm-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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is related to the higher thermal stability of the SICH=CH, double
bond compared to the Si—H bond. Either placed at the end or in
the middle of the polymer chain, the SiCH=CH,SiCH=CH, bonds
have an enthalpy of (690 & 4) k]J/mol (see Table 4.11 of Ref. [33]).
Alternatively, to radicalize the vinyl group, dissociation energies
of (435 +21)kJ/mol for SiC— Si+C [34] and of (424 + 1) k]/mol for
CH, — CH+H [33] have been reported. The dissociation energy
of the Si—H bonds is with an amount of (377 +13)k]J/mol sig-
nificantly 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
of the siloxane chain. Therefore, the lower temperatures for Si—H
compared to Si-vinyl bonds have to be exceeded so that bond cleav-
age and cross-linking do occur. This coincides with the fact that
oxidation rates during thermal treatment of Si—H groups were
found to be higher than the rates for the Si-vinyl groups [17,35].
The enhanced thermal stability of vinyl-terminated PDMS enables
the use of higher evaporation temperatures and hence complies
more to the demand for high evaporation rates than hydride-
terminated PDMS. Israeli et al. have shown that the termination
with phenyl groups improves the thermal stability of PDMS even
further [36].

Consequently, the thermal evaporation of the PDMS has con-
strictions owing to the thermal stability of the polymer chains.
Above the temperature range at which the PDMS is stable, the phys-
ical and chemical properties change associated with the shift of
the molecular weight distribution [9]. The result depends on the
concurrent rates of the decay and chain-linking processes within
the evaporator. For evaporation temperatures well below thermal
instability one observes a constant growth rate, which only depends
on the source temperature. We observed this behavior only for the
polymer with a low molecular weight of 6000 g/mol and within a
restricted period of time. Subsequently, we have found an asymp-
totic decrease of the growth rates that limits the film thickness to
a maximal value given by the choice of the source temperature.
In general, time-dependent growth processes with N particles are
described by a rate equation, often simply a differential equation
of first order:

AN, T) 1
~dqtgr— tFNET)=0. (5)

Under static temperature conditions of the evaporation source,
which we canreasonably assume, integration over time leads to the
exponential behavior of N(t) with the number of particles near the
surface of the evaporation material N5y and the number of particles
in the evaporation material Ne.

N (t) = Ns + Nc exp ({) (6)

At asource temperature below 180 °C only molecules with a molec-
ular weight much lower than the mean value and which are in the
surface region of the evaporation material can leave the source. We
hypothesize that the diffusion of the molecules does not compen-
sate for the molecule’s loss as the result of evaporation.

Thus, after the depletion of the particles with a relatively low
molecular weight localized near the surface of the evaporation
material, the diffusion rate within the polymer, characterized by
the time constant 7, dominates the growth behavior. The diffu-
sion rate of polymers between bulk and surface region, described
by their viscosity, is inversely proportional to the molecular
weight; in other words the surface depletion decreases with
lower molecular weight. The evaporation rate, according to Eq.
(3), is also inversely proportional to the molecular weight, thus
we expect that the low molecular weight polymers have been
evaporated faster. The ratio of the growth rates has been 3.7
times higher for the polymer with molecular weight of 6000 g/mol
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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 MWDgg00
with the reduced MWD;sg0. The reduced MWD;s00 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
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 MWDgggo of the sup-
plied polymer with molecular weight of 6000 g/mol to a reduced
average molecular weight M,.q of the evaporated molecules such
that the integral over this reduced MWD,.q (grey hatched area in
Fig. 7) is 2.6 times higher than the integral over the overlap of
MWD, ¢q With MWD3gq00. The ratio of evaporated particles is mainly
dependent on the derivation of the molecular weight distributions
MWD,¢q and MWD,gqqo, integrated in the range from the lowest
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possible value (siloxane monomer: 88 g/mol) to the temperature-
dependent value M;:

1 [ _P_ L
Cs000 fSSg/mol (mMexp [ Mred M]) au

In this equation, p=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

P 1 e P
exp [_ M>g000 M}) M + Coo00 jMi <

Mgooo

As the number of particles in the reservoir before evapora-
tion is expected to be equal, the MWDs of the supplied polymers
are normalized by a factor of Cgpoo=3750 and Cazgpoo=17,500.
We assumed that the polydispersity P of PDMS corresponded to
1.6 as determined by single-molecule atomic force microscopy
[38]. The solution of Eq. (7) leads to an average molecular
weight (15004 15)g/mol of the evaporated PDMS with a nom-
inal molecular weight of 6000g/mol and to (2800 +28)g/mol
for the evaporated PDMS with a nominal molecular weight of
28,000 g/mol. Here the error bars are given by the ratio of the exper-
imentally determined maximal film thicknesses.Accordingly, the
probability of evaporation for molecules above a molecular weight
of 7000 g/mol is negligible. We computed that only 6.2% of the
polymer with a molecular weight of 6000 g/mol and 2.4% of the
polymer with a molecular weight of 28,000 g/mol evaporate at the
selected source temperature of 120 °C. These proportions explains
the growth rates, which are low compared to the desired rates in
the range of 1 wm per hour, and the depletion resulting in maximal
film thicknesses of only a few hundreds of nanometers.

These thin films are therefore assumed to consist of molecules
with a molecular weight between 88 and about 7000 g/mol. In order
to increase the film’s stability polymerization should be initiated.
Polymerization of elastomer thin films, based on PDMS can be read-
ily reached through hydrosilylation or heat-induced cross-linking
reactions involving catalysts [12]. Alternatively the cleavage of the
functional groups can also be realized by radicalization with UV
light [13]. The radicalization of functional groups was observed
with MIR spectroscopy and can be elucidated by assuming two
main crosslinking paths. First, the extinction of the 1590cm™!
absorption band indicates that the double bond of the vinyl group
was activated under UV-radiation resulting in free highly reactive
bonding sites on both sides of the double bond. These are expected
to end-link the single chains along these functional groups, either
connecting at the free electron on the CH— or the one on the
CH,—side of the vinyl group. Obviously, these connections con-
tribute as an end-linking process to the extension of the polymer
chains. Entanglement occurs at chain lengths above 16,000 g/mol
as found by Al-Maawali et al. [38]. Thus, this chain length has to
be reached to create an entangled network. Second, as observed
by Graubner et al. [39,40], we detected a side reaction indicating
the radicalization of the methyl (CH3) side groups either by C—H
or even Si—C bond rupture. Under ambient conditions UV-excited
oxygen interacts with radicalized Si—C or C—H bonds resulting via
side reactions in a cross-linking of the polymer chains by Si—O,
Si bonds or SiCH,—CH,Si bonds to a three-dimensional network.
Based on the complete disappearance of the vinyl vibrations we
conclude that all the functional end groups were radicalized and
linked, whereas for the amount of cross-linked methyl side groups
only a qualitative conclusion can be drawn.

The degree of polymerization should be reflected in the mechan-
ical properties of the film. Relying on the model of Mark et al.
the elastic modulus for end-linked polymer networks is higher for
low molecular weight chains than for networks consisting of high
molecular weight polymer chains as the elastic modulus inversely
depends on the molecular weight [41]:
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modulus of the polymer DMS-V21 with a nominal molecular weight
of 6000¢g/mol is expected to be 280kPa. The measured elastic
modulus, determined by nanoindentation of a 4-p.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
canberelated 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-pm-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) 107 Nm and (8.7 +7.8)
10-19 Nm for the 4 wm-thick polymer at a voltage of 500V and the
200 nm-thin cantilever actuator at a voltage of 12V, respectively.
Induced by gravity, these curvatures would correspond to bending
moments of (1.03 £0.05) x 10~7 Nm and (2.03 +0.12) x 10~8 m for
the 4 wm-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 wm-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/um for the 200 nm-thin DMS-
V21 film, compared to 120 V/wm for the 4 wm-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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Fig. 8. a) A schematic cross-section and top view of an asymmetric cantilever actuator consisting of a PDMS-film embedded between two 10 nm-thin Au electrodes, placed
on a 25 pm-thick PEEK substrate is presented. The shape of the Au electrodes was realized via a mask applied during the sputtering process as described in Section 2.4. b)

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

itself. In addition, the UV source used provides an inhomogeneous
illumination profile. Enabled through the higher mobility of the
low molecular weight PDMS chains this led to a film thickness
that is correlated with the irradiation intensity. This hypothesis
is proposed based on a visual inspection of the surface, seen on
the photograph in Fig. 8, and a statistical thickness measurement
with 3D laser microscopy. An average thickness of (2104 60) nm
was found with ten measurement spots over the active area of the
cantilever actuator.

Another contribution to this low breakdown voltage is expected
from the diffusion of Au atoms into the polymer film, which was
not part of the present study, but is known to have a dominant
impact for nanometer-thin elastomer films. A further source of
uncertainty is the actual dielectric constant of the evaporated DMS-
V21 film. Nevertheless, the breakdown voltage can compete with
the values of 70 V/um obtained for matured silicones such as SVF5
[42]. Assuming that the dielectric properties of the evaporated
DMS-V21 thin film are comparable to the Elastosil film, a strain
of (5.84+1.5)% was according to Eq. (1) applied to the DMS-V21
network at an operating voltage of 12 V. We expect that the inte-
gration of UV-treatment into the high-vacuum environment and an
UV-irradiation with a homogenous profile will significantly reduce
the defect density and, hence, enhances the breakdown voltage and
strain level, respectively.

Regarding the repetition and hysteresis for up to 1500 actu-
ation cycles of such EAP cantilever actuators results, based on
micrometer-thick polymer layers, have very recently been pub-
lished [20], whereas the quantification of these parameters for
200 nm-thin film based EAP actuators is not quantified yet. For the
determination of the curvature, however, we repeated the mea-
surement for each data point presented for three times and did not
notice any superior hysteresis.

5. Conclusion and Outlook

Molecular beam deposition of vinyl-terminated, siloxane-based
polymers has been successfully shown, permitting the fabrication
of nanometer-thin polymer films for single-layer EAP actuators.
Actuation voltages smaller than 12 V were well below the approved
medical limit and illuminate the key advance of these thin-film
actuators making them promising candidates for biomimetic artifi-
cial muscles. MBD process control was realized by temperature and
mass regulation of the utilized polymer. The choice of the polymer
chain length allows the growth process as well as the resulting thin
film elastic properties to be tailored. We have shown that the chain
length defines the network density and therefore the stiffness of
the polymer network. Via the polymer molecular weight also the

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 wm/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 500V [45], could
be replaced by low-voltage EAP actuators.
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2.5 Time resolved plasmonics on self-assembled
hetero-nanostructures for soft nanophotonic and electronic
devices

Spectrosopic ellipsometry constitutes a unique technique to access in situ optical
properties, plasmonic fingerprints and film topography simultaneously.

In situ ellipsometry can reach sub-nanometer resolution through clever combination
with real-space techniques.

Specifically tailored for thermal evaporation bi-functional thiol-terminated PDMS
(SH-PDMS) serves as self-assembled adhesion monolayer for gold.

Functionalized organic species can substantially improve the homogeneity and sta-
bility of Au films deposited on an elastomer such as PDMS.

Nanometer-thin Cr-wrinkles can be tailored in real-time according to their plasmonic
response.

Cr-wrinkles adhesion interlayer for gold reduces the percolation threshold remark-
ably by a factor of five to a confluent gold film above 4.4 nm.

Submitted to Nature Photonics



48 2 Results
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Abstract

Soft, transparent, and biocompatible hetero-nanostructures based on electrically activated
polymers are applicable to bio-MEMs, nano-photonics, micro-optics, and flexible
electronics. Combining self-assembly with real-time tailoring of the electronic and optical
properties of the nanometer-thin heterostructures allows the manufacturing process to be
precise and low-cost. We use real-time spectroscopic ellipsometry (SE) to on-line monitor
the optical properties, morphology, and nano-photonic fingerprints of Au nanoparticles
and film formation on self-assembled polydimethylsiloxane-based (PDMS) nanostructures.
Bi-functionalized thiol-PDMS tailored for molecular beam deposition serves as a self-
assembled adhesion monolayer for Au. Suppressed plasmonic activity indicates
homogeneous Au-growth through localized Au-thiol-PDMS bonding. Both, thiol-PDMS and
isotropic wrinkled chromium-(Cr)-PDMS-nanostructures enhance a confluent assembly of
evaporated Au contrary to the Au-cluster formation on untreated PDMS films. Our
specifically tailored hetero-nanostructures based on thiol-PDMS or wrinkled Cr-PDMS
adhesion layers are promising for low-voltage devices in soft electronics and nano-

photonics, such as artificial muscles and adjustable photonic gratings.

Keywords: Surface plasmonics, thiol-polydimethylsiloxane synthesis, self-assembled
monolayers, soft hetero-nanostructures, organic molecular beam deposition, spectroscopic

ellipsometry, atomic force microscopy.
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Electronic and nanophotonic devices based on biocompatible polymers are of great interest for
soft robotics, microfluidics, flexible optoelectronics and opto-fluidics, as well as biomimetic
sensors and actuators. Polydimethylsiloxane (PDMS) is widely used in microfluidics’, and due to
its low cost, ease of fabrication, biocompatibility and optical transparency, recent efforts have also
been made to extend its range of application. These efforts include hybrid devices involving
CMOS technology?, soft bioelectronics®, and low-voltage nanostructured, stacked actuators for
smart medical implants®. In addition, there is an increasing demand for low-voltage actuators for
other electrically activated elastomer-based applications such as tactile displays®, adaptable
lenses® or sensors®.

Plasmonics is an application-rich merging of photonics and electronics’ that allows, for
example, the size and morphology of metallic hetero-nanostructures to be optically determined
without the restrictions posed by the diffraction limit. Plasmonic oscillations can be tuned from the
mid-infrared, especially of interest for ultrafast data transfer in telecommunications based on
semiconducting composites® down to UV-visible for biosensing applications® based on Au
nanostructures. Dynamic control of the plasmonic behavior of Au nanostructures is of current
scientific interest due to their potential for optoelectronic devices such as photonic crystals,

gratings, and waveguides'®"

. Shape control of Au nanostructures is also relevant for the
development of biomimetic materials and printed electronics'2.

The combination of surface plasmons with a soft, electrically activated substrate such as
PDMS offers the intriguing possibility of dynamically influencing plasmonic frequencies by
manipulating the underlying polymer layer through structural and dimensional control. Recently,
we have demonstrated the precise tailoring of molecular weight distribution and functionality of
thermally evaporated PDMS thin films'® which allows PDMS layers in the nanometer regime to be
fabricated by organic molecular beam deposition (MBD). The high degree of experimental control
possible with MBD processing provides the opportunity to engineer surface plasmons in situ by
subsequent thermal deposition of metallic nanoparticles on the PDMS film.

Through self-assembly, the thermally deposited metallic layer evolves from discontinuously

arranged nanoparticles to a confluent thin film, a process we have on-line observed. We



50 2 Results

fabricated thermally evaporated metal/PDMS nanostructures and monitored the temporal
evolution of surface plasmons with spectroscopic ellipsometry (SE). Collective electronic
oscillations induced by the incident SE beam yield surface plasmon resonances (SPR) used to
on-line track intrinsic structural properties of the hetero-nanostructures such as size, shape, and
composition.

Due to the low PDMS surface energy' adhesion promoters such as Cr are required to
generate stable compliant Au-PDMS composites. Here, SE provides the on-line feedback
required to allow for the controlled formation of wrinkled Cr-PDMS heterostructures. To
circumvent the mechanical stiffness of Cr layers, we also synthesized bi-functionalized thiol-
PDMS (SH-PDMS) with tailored molecular weights for MBD to serve as soft self-assembled
adhesion monolayer. Suppressed plasmonic activity in the visible indicates homogenous Au-
growth on both Cr and thiol-PDMS adhesion layers, compared to Au-cluster formation on pure
PDMS. Remarkably, we determined that the percolation threshold for the first confluent
monolayers is reduced to a few nanometers of Au film thickness.

By combining self-assembly with on-line examination of the plasmonic fingerprints,
topographical structure, and optical properties of Au-nanoparticles on PDMS-based
nanostructures, we have developed a procedure to optimize multilayer plasmonic structures for
nanophotonic and electronic applications. In addition, by replacing Cr with bi-functionalized thiol-
PDMS as a nanometer-thin adhesive, we have increased the flexibility of the multilayers,
anticipating them to be used for flexible applications such as soft plasmonic nanosensors in

biosensing or stretchable nanoelectronics.
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Thermally evaporated soft hetero-nanostructures

a b si/sio2
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PDMS uv d — X
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Figure 1 | Scheme of the thin film preparation. a, Cross-section of organic molecular
beam deposition setup for the fabrication of soft multilayer nanostructures under ultra-high
vacuum conditions. In situ spectroscopic ellipsometry at an incident angle of 20°
simultaneously monitors film thickness, optical properties, and plasmonics. Coherent
electron oscillations occur if the nanoparticles become excited at resonance frequency.
Representative thermally grown soft nanostructures: b, self-assembled Au-particles
covalently bound to a bi-functional, thio-terminated PDMS monolayer; ¢, wrinkled Cr/PDMS;

d, Au-nanoparticles are thermally deposited on PDMS membrane.

Besides the optical properties real-time spectroscopic ellipsometry (SE) detects nano-photonic
fingerprints of Au-nanoparticles, which are directly related to size, surface coverage, and
dielectric function of nanoparticles. Due to the incident 4 x 10 mm*beam dimension the
ellipsometry setup monitors nanostructures on macroscopic area. A representative cross-section
of the ultra-high vacuum (UHV) fabrication and in situ measurement configuration is shown in
Figure 1a (for details see Methods). We first investigate the self-assembly of a thermally

evaporated bi-functional thio-terminated PDMS monolayer, abbreviated SH-PDMS.
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Figure 2 | Self-assembly of bi-functional thiol-terminated PDMS on Au. a, Self-

assembly and stacking schemes of (i) thermally evaporated SH-PDMS chains consisting of

the (CH;);-O-(CH,).-SH-group (black) and the dimethylsiloxane repeating units (blue) on Au

substrate. b, Monolayer of bi-covalently bound SH-PDMS chains to Au after (ii) re-

evaporation of excess molecules. ¢, Time-resolved desorption of SH-PDMS chains at

substrate temperatures 393 K (blue), 413 K (green) and 433 K (yellow). d, Blue shift of

surface plasmon resonance peak of the Au substrate induced by SH-PDMS coating.

e, Extinction coefficient of the bi-layer model for SH-PDMS consisting of the (CH,)3-O-

(CH,),-SH-group (black) and the tail group (red) changing the optical properties during re-

evaporation. f, Synthetic route to yield the bi-futnctional, thiol-terminated PDMS (SH-PDMS)

from bi-hydroxyl-terminated PDMS (OH-PDMS) with 1) trifluoromethanesulfonic anhydride

at -20 °C for 3 h; 2) potassium thioacetate at 25 °C for 12 h; 3) LiAIH, at O °C for 4h.
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g, Nuclear magnetic resonance spectra of protected bi-functional thiol-terminated
polydimethylsiloxane (green), unprotected bi-functional thiol-terminated
polydimethylsiloxane (blue) and bi-functional thiol-terminated polydimethylsiloxane (red),
thermally treated at a temperature of 443 K (150 °C) for a period of 40 min. h, The
corresponding molecular weight distributions obtained from gel permeation chromatography
traces recorded in CHCI; are presented. The black curve represents bi-functional hydroxyl-

terminated polydimethylsiloxane (OH-PDMS) as supplied.

Many approaches to precisely control nanoscale architectures are based on the high affinity
of thiols to Au'®. Figure 2a sketches the thermal evaporation and assembly of synthesized SH-
PDMS on Au at an evaporation temperature of 413 K (120 °C). The dielectric function is

determined using a bi-layer Tauc-Lorentz model'®

. A 1.2 nm-thin, surface-near layer with a
refractive index of n=1.75 at A =656 nm combined with a superposed layer with a refractive
index of n = 1.5 at A = 656 nm fits to the experimentally obtained spectroscopic ¥- and A-values.
The derived thickness of 1.20 nm corresponds to the (CH;);-O-(CH.).-SH (2-propoxyethyl-1-thiol)
terminate group with an expected length of 1.04 nm. The refractive index of the overlying layer
relates to the dimethylsiloxane repeating units of SH-PDMS superimposed with the optical
properties of free (CH;)s;-O-(CH,),-SH groups. Re-evaporation of the adsorbed, free SH-PDMS
chains exposes the self-assembled monolayer (SAM) of SH-PDMS on Au. Figure 2c presents the
stepwise reduction in film thickness for increased substrate temperatures related to SH-PDMS
desorption. Van-der-Waals interactions of the methyl side-groups dominate intermolecular
interactions between SH-PDMS on the substrate and in the crucible melt as well®. Therefore, an
entire desorption of free SH-PDMS is assumed for substrate temperatures above the evaporation
temperature. The S-Au bond strength of 167 kJ/mol'® enables substrate heating up to 433 K
(140 °C) avoiding S-Au bond fracture. Adjusting the substrate temperature well above 413 K, the
SH-PDMS film thickness asymptotically diminishes to 5.2 nm. The thickness of the surface near

(CH,)3-O-(CHz).-SH group layer remained constant. This behavior indicates a SAM with ordered,

covalently linked SH-PDMS. According to literature, the peak molecular weight of linear PDMS
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evaporated at 413 K is 1,600 g/mol™® corresponding to a chain length of about 9.5 nm".
Assuming the characteristic 30° tilting angle of self-assembled alkene thiols' a SAM thickness of
8.2 nm is calculated. This value does not match the experimentally determined layer thickness of
5.2 nm. During re-evaporation the distinct UV-absorption of the (CH;);-O-(CH.),-SH group around
a wavelength of 240 nm'® reduces within the tail-group layer, see Figure 2e. In combination with
the terminate SAM-thickness of 5.2 nm this implies bended, covalently double-bonded SH-PDMS
chains on Au as residual after re-evaporation. The evaporation of 13.3 nm-long SH-PDMS chains
at a evaporation temperature consistent with the substrate temperature of 443 K leads to a SAM-
thickness of 7 nm. Hence, SH-PDMS SAM on gold can be precisely tailored via substrate
temperature.

Another source of information are SPRs within the dielectric function of the underlying Au,
determined by the dielectric properties of the environment'®. The covalent S-Au bonding induces
a red shift of the SPR peak during thermal deposition as the refractive index of the environment
increases?’. However, we do observe a distinct blue shift of SPR from 590 to 580 nm during the
re-evaporation process, cf. Figure 2d. This experimental observation rather relates to the
structural transition from the Au film to nanoparticles as the result of the substrate heating?'.
Thus, the consideration of the structural changes is crucial to draw conclusions on the formation
process of Au/SH-PDMS nanostructures by means of SE.

The synthesis of SH-PDMS from bi-functional hydroxyl-terminated polydimethylsiloxane (OH-
PDMS) is described in Methods and schematically displayed in Figure 2f. The diagrams of
Figure 2 f,g present nuclear magnetic resonance (NMR) and gel permeation chromatography
data complying with the synthesis steps of SH-PDMS. Here, we emphasize the successful design
of SH-PDMS molecular weight distribution (MWD) for the thermal evaporation. Based on the
thermal degradation temperature of 443 K (150 °C) for thiol-groups?, the molecular weights of
linear SH-PDMS to evaporate are limited to about 3,000 g/mol®®. The synthesized SH-PDMS (see
blue-colored curve in the diagram of Figure 2g) reveals a number average molecular weight M, of
2,700 g/mol and thus, offers a broad range of the MWD to be evaporated. After evaporation

under UHV conditions at a temperature of 443 K (150 °C) (red-colored curve in Figure 2g) a slight
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shift to a number average molecular weight M, of 2,800 g/mol is found. Proven within the NMR

spectra, a negligible amount of di-sulfide links prolongs the SH-PDMS chains, which makes the

SH-PDMS suitable for thermal evaporation.

Stacked mirrored, as schematically displayed in Figure 1b, the SH-PDMS self-assembly

monolayer (SAM) is intended for localized covalent bonding of Au nanoparticles. This SH-

PDMS/Au architecture will be useful to realize future adhesive and soft nano-electronics on

nanometer-thin PDMS membranes.
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Figure 3 | Morphology evolution and plasmons of isotropic Cr/PDMS-nanostructures.

a, Spectroscopic data of refractive index n and b, extinction coefficient k data of thermally

deposited Cr on UV-cured PDMS (DMS-V05) is shown for growth times between 20 and

180 s (blue to red) with 20 s intervals. The dashed line corresponds to Cr bulk values®. The

ellipsometry model (inset) consists of three layers: ¢, the Cr film with thickness hc, d, a

Cr/PDMS compound layer with thickness hinerrace; gradually changing the optical properties
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from Cr to that of e, the PDMS film with thickness hppus. Atomic force microscopy scans
reveal the morphological transformation from f, a flat PDMS film with surface roughness of
0.7 nm to g, a wrinkled Cr-PDMS surface at its terminal stage with a wrinkle periodicity of

470 nm. h, The morphology in equilibrium measured two weeks after preparation.

Alternatively, a matured approach to retrieve cohesion between thin Au films and soft PDMS
membranes is the application of nanometer-thin Cr films. The additional metal interlayer,
however, induces stiffening. Fabricated as pre-stretched wrinkled microstructure, Cr-PDMS can
retrieve some flexibility under strain®*. PDMS pre-stretching to build oriented wrinkles is difficult to
manage with the nanometer-thin PDMS membranes. Spontaneous, isotropic formation of
wrinkles can be induced through heating during metal deposition®®. During the deposition
experiment the evaporator’s infrared (IR) radiation heats the PDMS membrane. Figure 3 shows a
color-coded time sequence during Cr deposition. The tri-layer model applied to the ellipsometer
data allows distinguishing between the flat Cr film with height hc, and the wrinkled Cr-PDMS
interface layer with height hinerrace. This model is justified, because the surface roughness of the
PDMS film, determined by ellipsometry, remains below the value of (0.7 £ 0.1) nm, as determined
by related AFM images, see Figure 3f. The graphs in Figure 3c,d,e elucidate the onset of wrinkle
formation 80 s after the deposition started. The linear Cr deposition rate goes with the reducing
PDMS film thickness hppms, proving the formation of the wrinkled interface layer. We assume that
a confluent Cr film forms, which is associated with increasing IR-light shielding. Subsequently, the
PDMS film relaxes evolving isotropic wrinkles, a scenario supported by the on-line measurement
of the refractive index n(A) and extinction coefficient k(1) data, cf. Figure 3a,b, that reveal SPR at
a wavelength of 740 nm after 20 s deposition and a shift to 800 nm after 80 s deposition. This
experimentally observed redshift implies the formation of Cr nanoparticles. Delocalized electrons
of the NIR Drude-band in the extinction spectra occur at deposition times above 80 s. This
indicates a coalescence of observed Cr nanoparticles for films thicker than 5 nm. This phase
transition to confluent Cr films on PDMS is twice the one on C(100)*°. An additional resonance

peak in the extinction spectra arises at a wavelength of 260 nm for deposition exceeding 80 s.
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The corresponding refractive index at this wavelength is larger than that of bulk Cr (dashed black
line) for the thicker films. We link this absorbance feature rather to the Cr microstructured
morphology than to Cr’s dielectric function, supported by the AFM image in Figure 3g. Isotropic
wrinkles depict the terminate Cr-PDMS heterostructure topography. Fourier transformation of a
series of images exhibits a wrinkle period of Awrinke = (470 £ 20) nm. This microstructured surface
with dimensions in the range of the incident light wavelength can fulfill the surface plasmon
excitation condition as published for periodic silver patterns on elastomers?’. A long-term
relaxation process of the Cr/PDMS heterostructure is demonstrated by the AFM image in
Figure 3f obtained two weeks after deposition. The Fourier transform also exhibits a wrinkle
period (470 = 20) nm, but the wrinkle shape evolves from a sinusoidal to a top-hat profile with

average wrinkle amplitudes increasing from 50 nm to 80 nm.

Au formation on soft hetero-nanostructures
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Figure 4 | Plasmonics of growing Au nanoparticles on hetero-nanostructures. Film-
thickness-dependent spectroscopy of the extinction coefficient k (first row) and the real part
¢ of the dielectric function (second row) are shown for thermally evaporated Au
nanoparticles on a, Si/SiO;; b, UV-cured thermally evaporated DMS-V05; ¢, thermally
evaporated SH-PDMS; d, SH-PDMS deposition during UV-radiation (termed as UVSH-
PDMS); e, isotropic wrinkled Cr-PDMS nanostructures. The color code of the extinction
coefficient k is displayed logarithmically and the real part £ of the dielectric function linearly.
Dashed arrows indicate the occurrence and shift of surface plasmon resonance peak
frequencies within the extinction coefficient spectra. The boundary for which the dielectric
constant appears € < 0 is marked as a black line. This event is connected to delocalized
electron oscillations, which occurs in the NIR Drude-band. The final Au film morphologies
on the corresponding hetero-nanostructures are characterized with atomic force microscopy

(third row).

The multilayer hetero-nanostructures investigated are schematically depicted in Figure 4.
Figure 4a,b shows the Au deposition on SiO, and on the UV-cured PDMS membrane 98 nm-thin.

Based on literature®"®

, the related ellipsometry measurements serve as reference for Au
deposited on rigid and soft substrates. The schemes in Figure 4c,d,e illustrate the Au formation
on custom-built soft nanostructures. The ellipsometry gives rise to the dielectric constant £ and
the extinction coefficient k spectra of Au films up to 22 nm thick. The ellipsometer-derived values
for the film thickness are based on the Drude-Lorentz oscillators model and validated via AFM
measurements at step edges. Furthermore, the AFM images, as represented in the third row of
Figure 4, confirm the ellipsometer-derived data on surface roughness. The employed Lorentz
oscillators excellently adapt to the plasmonic absorption bands resulting in mean square errors
well below unity for the modeled hetero-nanostructures (example data in supplemental Figure 6).
UV-interband transitions from d-valance to s- and p-bands above the Fermi level of Au occur at

resonance energies of 3.05 and 4.3 eV (406 and 288 nm), respectively, modeled by two Lorentz

dispersions®. Further discussions are based on the intrinsic property of Au nanoparticles having
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plasma frequencies in the range of visible light. Local heating owing to plasmon resonance
absorption can be neglected. A radiation intensity of 19 W cm™ as used for laser-based selective
photo-thermal cancer therapy®® exceed the one of our setup with a diffuse halogen/deuterium
lamp by five orders of magnitude. Thus, SE provides a sensitive but non-invasive characterization
technique without influencing the intrinsic properties of the nanostructures.

First, the deposition of Au on SiO; is discussed. One SPR, consisting of two Lorentz
oscillators (Figure 8e), exhibits a redshift and broadens with increasing average film thickness.
For films thicker than 16 nm the second oscillator evolves into the NIR Drude-band (Figure 8e).
The redshift of the SPR in the extinction spectrum goes along with dielectric constant ¢* changes
from positive to negative explained by the coalescence of metal nanoparticles and relates to
localized free electrons. The percolation threshold can be defined as the insulator-to-metal
transition (IMT) and implies the delocalized free electrons for €' < 0 in the NIR®'. For Au/SiO, the
IMT is observed for films thicker than (20 £ 0.5) nm. Hover et al. presented an IMT for Au/SiO,
already for 8 nm-thin Au films®2. The analysis is based on ¢ -shifts at a wavelength of 20 um, for
which the transition behavior is increasingly pronounced and occurs for thinner Au layers. The
IMT analysis based on £(1050 nm), however, does allow for comparisons among the hetero-
nanostructures presented in Figure 4.

Second, we consider Au on a UV-cured PDMS membrane, illustrated in Figure 4b. Two main
SPRs within the extinction spectrum at wavelengths of 540 and 650 nm for 2.7 nm-thin films are
observed. Using selected deposition times, as given in Figure 7 of the supplemental section, the
evolution of the SPRs can be followed in detail. Increasing the film thickness, these SPRs redshift
and merge to one peak. Simultaneously a third SPR band in the NIR develops above 10 nm Au
thickness. Although the blueshift of SPRs with increased particle height counters the redshift of
the lateral growth, it has been stated that the lateral particle size dominates the shift of SPRs?'.
The SPR absorption splits into two bands for elongated nanometer-sized clusters®. The detected
SPRs at a film thickness of 2.7 nm suggest clusters with a lateral aspect ratio of 1.9. The third
resonance may be due to the coalescence with increasing aspect ratio from 1.9 to 4.0 for

16.7 nm-thin Au®. The analysis of related AFM images (Figure 7e,f in Supplemental) reveals an
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aspect ratio of (2.1 £ 0.5), a significantly smaller value for the terminal film thickness. Thus, a
contribution of Au multipoles coalescing to distances below a few nanometer should be
considered, which likewise splits and redshifts SPRs*. Hence, to extract shape, size, and
distance of Au islands in situ from multiple SPRs in the SE data, the predominant growth mode
needs to be classified by a real-space imaging technique.

Compared to islanding on pure PDMS membranes, SH-PDMS promotes Au adhesion. As
illustrated in Figure 4c one SPR is detected splitting up into two Lorentz oscillators for films above
4 nm. The IMT for Au/SH-PDMS was extrapolated to a film thickness of (25 £ 1) nm. The onset
for localized electron oscillations at a SPR wavelength of 633 nm is derived already for Au films
(15 £ 1) nm thin. To shed light on the Au islanding, the experimental data derived form
ellipsometry are plotted for the changing growth regimes in Figure 5. We know that the Au
evaporator provides a constant deposition rate, but for the first monolayers the ellipsometry
measurement leads to a three to four times larger growth rate than expected. This phenomenon
can be described by the relatively low surface energy of PDMS, which promotes nucleation of
deposited Au adatoms known as the Volmer-Weber growth®. With increasing Au cluster density
the probability of coalescence enlarges. At a specific mean Au coverage, the percolation
threshold will be reached and further deposition will result in a monolayer of Au clusters,
schematically represented in Figure 5a. Herein, we determine the percolation threshold from the
intersection of the ellipsometry-derived deposition rate h* with the expected mean deposition rate
d’. For Au/SH-PDMS the percolation threshold corresponds to (24 + 1) nm in agreement with the
IMT value. The comparable value of (22 + 1) nm for Au/PDMS suggests similarities in the Au
nanocluster formation.

The distinct feature in extinction absorbance, i.e. a band around a wavelength of 280 nm for
all Au thicknesses investigated, is represented in Figure 4c and associated with the (CH;)s-O-
(CH,)2-SH-group of SH-PDMS. This absorption feature indicates an entangled layer of Au and
SH-PDMS. The comparably low Van-der-Waals interactions between free SH-PDMS chains
enable their flexible arrangement according to cohesive forces of covalently attached Au adatoms

towards Au nanoclusters assembly similar to the growth on pure PMDS. The related AFM images
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exhibit a roughness of (8.1 £ 1.0) nm, consistent with (7.9 + 0.8) nm for Au/PDMS. Because the
cohesive forces between Au atoms are smaller than the covalent S-Au bonds®, the Au
nanoclusters are well connected to SH-PDMS chains. They can form a conducting matrix of
nanometer-size clusters.

To build an ordered, confluent Au monolayer on SH-PDMS, UV-radiation has been applied to
the hetero-nanostructure subsequent to the deposition of the Au cluster monolayer. Cross-linked
to the PDMS membrane the rearrangement of top-layer SH-PDMS chains is presumably
suppressed. Such suppression may lead to the ordered Au localized through covalent S-Au
bonds. In fact, the decrease of oscillations from localized electrons at a wavelength of 633 nm
implies a reinforced homogeneous growth mode. Especially for films thinner than 8 nm the
plasmonic activity of localized electrons is reduced by one order magnitude compared to
Au/PDMS. In addition, the absorbance band at wavelengths between 280 and 300 nm is less
pronounced for Au/UVSH-PDMS. This observation indicates an abrupt interface between Au and
UVSH-PDMS. Although the IMT at a film thickness of (25 £ 1) nm is consistent with Au/SH-PDMS
and Au/PDMS, the gained percolation threshold has been only (12 + 1) nm (Figure 5¢). The
surface roughness obtained via AFM experiments corresponds only to (4.4 £0.3) nm for
Au/UVSH-PDMS.

For Au deposition on wrinkled Cr/PDMS heterostructures the IMT arises for films thicker than
(5.2 £0.3) nm (Figure 4e). The percolation threshold of (4.4 £ 0.3) nm (Figure 5c) is just below
this value. SPRs in the visible range of the extinction spectrum are entirely suppressed. Above
the percolation threshold, the extinction coefficient increases with respect to Au/SH-PDMS. 1t is
related to the propagation of surface plasmon oscillations within the underlying Cr film. Another
resonance in the UV-range of the extinction spectrum occurs at Au film thicknesses h as low as
0.7 nm. Centered at a wavelength of 320 nm, the absorbance peak exhibits a redshift as the
deposition proceeds. This resonance can originate from the wrinkled Cr microstructures. The
observed redshift correlates with the increase of the wrinkle’s wavelength during Au deposition,
as evidenced by the AFM images of Figure 4e. The isotropic wrinkles disappear and an Au film

with a roughness of only (2.9 £ 0.2) nm remains. The relaxation of wrinkles is understood as pre-
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stretching of the underlying elastic membrane due to the heat load during Au deposition®’. Thus,

compared to Au/PDMS the percolation threshold is a factor of five smaller.
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Figure 5 | Gold-nanoparticle percolation threshold. a, Schematics of Au film formation
from islanding (3D Volmer-Weber) towards the assembly of a nanocluster monolayer are
illustrated. b, The ellipsometry-derived Au film thickness h at representative time points for
Au growth on Si/SiO; (grey circles), UV-cured thermally evaporated PDMS (green
triangles), 7 nm-thin thermally evaporated SH-PDMS (blue stars), 7 nm-thin thermally
evaporated SH-PDMS with synchronous UV-irradiation termed as UVSH-PDMS (violet
stars), an isotropic wrinkled Cr-PDMS-nanostructure (black squares) is shown. Dotted lines
illuminate the expected mean Au-thickness d as adjusted by the evaporator temperature
correspondent to the top axis of the diagram. ¢, Ellipsometry-derived growth rates h™ of Au
on the presented hetero-nanostructures are shown. Expected mean growth rates d" for
evaporation temperatures of T= 1733 Kand T = 1693 K are marked as dashed lines. The
proposed three growth phases are representatively marked for Au growth on Cr-PDMS
wrinkles: (I) The 3D-pronounced formation of freestanding gold islands introduces higher
growth rates than adjusted; (II) The percolation of Au nanoclusters directs the growth

towards (Ill) 2D-assembly to first confluent cluster-monolayers. The percolation threshold to
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ordered 2D-assembly is claimed as match between derived growth rate h™ and the

expected mean growth rate d" (colour shaded areas).

Conclusion

Organic and metal molecular beam deposition controlled via real-time spectroscopic ellipsometry
paves the way to tailor multilayered metal/elastomer heterostructures of nanometer thickness.
Because the analysis of optical properties and plasmonic fingerprints from ellipsometry bases
upon models and serious assumptions, further input from complementary methods such as AFM
is required. The present growth study also demonstrates that in situ ellipsometry can reach sub-
nanometer resolution through clever combination with real-space techniques. For this reason,
ellipsometry-based monitoring of growing, self-assembled layers with Au-S bonds and related
soft hetero-nanostructures becomes a unique tool to quantitatively understand film formation
processes.

Functionalized organic species can substantially improve the homogeneity and stability of
Au films deposited on an elastomer such as PDMS. One can even retrieve compliance either by
localized covalent Au-thiol bonds or thermally pre-stretched, nanometer-thin Cr, especially
beneficial for future soft electronics. Elastic moduli gradients towards the underlying PDMS film
can create anisotropic structures®®. The low-voltage DEA configuration of the soft
heterostructures are anticipated for potential nanophotonic devices, including soft tunable
gratings for nano-optics® and tunable plasmonic absorbers*. Sensing and actuating can be
achieved within one DEA heterostructure. The fabrication of biomimetic compliant sensors and

actuators similar to human tissue is a key to realize artificial muscles*' and soft robotics.*?*
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Figure 6 | Spectroscopic ellipsometry modeling of Au/PDMS hetero nanostructures.

Representative spectroscopic Y (filled triangles) - and A (open circles) spectra and proposed

models (red line) match the optical properties of thermally evaporated hetero nanostructures:

a, Si(111)-substrate with 2.5 nm-thin native SiO; b, coated with thermally-evaporated and in-situ

ultraviolet light-cured, 98 nm-thin DMS-VO05 film ¢, coated with a 7 nm-thin SH-PDMS film

d, coated with thermally-evaporated 24 nm-thin Au. The insets represent the ellipsometric model
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used to fit the data. An interface layer between Au and SH-PDMS film as well as a surface

roughness layer is included to obtain mean square errors (MSE) well below 1.
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Figure 7 | Extracted dielectric function of Au-nanoparticles grown on PDMS. a, The
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extinction coefficient k of thermally evaporated Au on UV-cured DMS-V05 are extracted from
spectroscopic ¥ — and A spectra and presented for representative growth times at 120 s, 240 s,
480's, 840s, 1300 s, 1800 s to 2400 s with corresponding film thicknesses between 2.7 nm,

5.3nm, 7.1 nm, 9.5 nm, 12.2 nm, 14.6 nm to 16.8 nm, respectively, color-coded from blue to red.
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The dashed line illustrates the bulk properties of Au found in literature.** Increased amplitudes of
the extinction coefficient within the visible wavelength range can identify surface plasmon
resonance peaks of Au elongated nanometer-sized clusters at a wavelength of about 540 nm and
640 nm. e, AFM surface scan of a 1 x 1 pm?area on the Au film with corresponding thickness of
16.7 nm. f, Representative optical segmentation of the AFM surface scan of part (e). The 2D filter
threshold strength determines the extracted size distribution of the elongated cluster semi axes.
However, the average aspect of 2.1 £ 0.8 remains constant. f, Fourier transform of segmented

AFM data from part (f) exhibits preferential orientation for elongated clusters.
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Figure 8 | Optical properties and surface plasmon resonance of growing Au-nanoparticles.
a, The real part ¢ of the dielectric function at a wavelength of 633 nm corresponding to typical
surface plasmon resonances of Au in the visible; b, at the wavelength of 1050 nm prominently
influence by free electrons in the Drude-band, extracted from the 2D data plot in Figure 4 for
growing gold films on Si/SiO, (grey circle), UV-cured thermally evaporated PDMS (DMS-V05)
(green triangles), 7 nm-thin thermally evaporated SH-PDMS (blue star), on 7 nm-thin thermally

evaporated UVSH-PDMS (violet star), a wrinkled Cr-nanostructure (black squares). ¢, To
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illuminate the interplay of surface plasmon and Drude-band absorption during film formation, the
ratio of extinction coefficient k at a wavelength of 633 nm and 1050 nm is presented. The dashed
line displays bulk values of Au.** d,e,f,g, Surface plasmon resonance (SPR) frequencies f; (filled
triangle), f, (open circle), f; (filled star) detected for gold films on Si/SiO; (grey circle), UV-cured
thermally evaporated DMS-V05 (green triangles), 7 nm-thin thermally evaporated SH-PDMS
(blue star), on 7 nm-thin thermally evaporated UVSH-PDMS (violet star). For Au growth on

wrinkled Cr-nanostructure (black squares) no surface plasmons were distinguished.
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Methods

Supplied materials. Supplied vinyl-terminated PDMS DMS-V05 (Gelest Inc.,
Morrisville, PA, USA) was utilized without additional purification steps. Au and Cr
were supplied by Kurt J. Lesker Company, UK. As substrates, 2-inch n-doped Si-
wafers (SIEGERT WAFER GmbH, Aachen, Germany) with a thickness of

(279 % 25) um were used.

Synthesis of thiol-terminated polydimethylsiloxane. Bi-functional, hydroxyl-
terminated polydimethylsiloxane (PDMS) Corbinol Fluid 5562, referred to as OH-
PDMS, was supplied from Dow Corning, Germany. The other chemicals and dry
solvents were bought from Sigma-Aldrich in the highest grade available and used as
supplied. The solvents were distilled from technical grade supplies. The structure of
PDMS was confirmed by 'H nuclear magnetic resonance (‘H NMR): (400 MHz,
CHCI3+K,COg, 8, ppm): -0.50-0.35 (m, 122.70 H, -Si-O-Si((CHs).)-), 0.36-0.76 (quint,
4.00 H (ref), -Si-CH>-), 1.41-1.84 (m, 4.55 H, -Si-CH,-CH,-), 1.89-2.16 (m, 1.62 H, -
OH), 3.21-3.64 (2 t, 8.09 H -Si-CH,-CH2-CH,-O-CH-CH>-), 3.64-3.96 (m, 3.98 H, -Si-
C H2-CH,-CH,-O-CH,-CH»-OH)) and by gel permeation chromatography (GPC), see
the black graph in Figure 2g. Inspired by the protocol of S.K. Bhatia et al.*, 10 g
(5.29 mmol, 1 eq.) of OH-PDMS were stirred overnight in a two-neck, round-bottom
flask at 330 rpm, 81 °C, and 102 mbar to remove residual water. The atmosphere
was exchanged three times with Ar. 50 ml of dry hexane were added. The mixture
was cooled in Ar atmosphere to -20 °C while stirring at 180 rpm. 1.5 ml (11.0 mmol,
2.075 eq.) of triethylamine was added in one shot. After 15 min, 1.8 ml (10.8 mmol,
2.05 eq) of triuoromethanesulfonic anhydride was added and the activation of the
terminal hydroxyl groups was left to proceed for 4 h before adding an excess of
potassium thioacetate in dry dimethylformamid (22.0 mmol, 4.1 eq.). The reaction

mixture was left stirring overnight, followed by three extractions with water to yield a
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quantitative amount of a light brown viscous liquid after the evaporation of the
hexane, from here on referred to as protected SH-PDMS. The NMR spectra of this
protected SH-PDMS can be seen as the green-colored graph in Figure 2f: '"H NMR
(400 MHz, CHCI; + K;COs;, o, ppm): -0.50-0.35 (m, 121.20 H, -Si-O-Si((CHs3)2)-),
0.36-0.76 (quint, 4.00 H (ref), -Si-CH>-), 1.31-1.46 (t, 0.47 H, -SH), 1.41-1.84 (m,
4.24 H, -Si-CH,-CH,-), 1,89-2.16 (m, 0.28 H, -OH), 2.16-2.46 (s, 4.32 H, -S-C(0)-
CHs), 2.82-3.25 (t, 3.07 H, -Si-CH,-CH,-CH,-O-CH»-CH,-S-C(0O)-CH3), 3.21-3.64 (21,
8.19 H, -Si-CH,-CH2-CH,-O-CH>-CH3-), 3.64-3.96 (m, 1.01 H, -Si-CH,-CH»-CH,-O-
CH,-CH»-OH), with the corresponding green-colored GPC curve in Figure 2g. To
produce the terminal thiol functionality, 0.042 g (1.11 mmol, 2.1 eq.) of LiAlH, were
dissolved in a 25 ml one-neck, round-bottom flask in 2 ml cold (ice bath) dry hexane
and stirred at 200 rpm. 1 g (0.53 mmol, 1 eq.) of thioacetate-modified PDMS was
dissolved in cold (ice bath) dry hexane and added drop-wise to the stirred LiAlH,.
4 ml of dry tetrahydrofuran was added to increase the solubility of the reaction
partners and the deacetylation was left stirring for 3 h in the ice bath before
quenching the excess of LiAlH4 slowly with cold water. The triple extraction with
water yielded 0.87 g of a golden, viscous liquid (unprotected SH-PDMS) after the
evaporation of the hexane. The NMR spectra are shown as the blue-colored curve in
Figure 2f: "H NMR (400 MHz, CHCl3+ K,CO3, &, ppm): -0.50-0.35 (m, 148.37 H, -Si-
O-Si((CHs)2)-), 0.36-0.76 (quint, 4.00 H (ref), -Si-CH,-), 1.41-1.84 (m, 5.43 H, -Si-
CH2-CH,-), 1.89-2.16 (m, 0.44 H, -OH), 2.59-2.79 (dt, 2.60 H, -CH,-S-S-CH,-), 3.21-
3.64 (2t, 7.82 H, -Si-CH,-CH,-CH,-O-CH,-CHy-), 3.64-3.96 (m, 1.24 H, -Si-CH,-CHy-
CH,-O-CH2-CH,-OH), with the corresponding blue-colored GPC graph in Figure 2g.
To assess the thermal stability of synthesized SH-PDMS, 100 mg was heated to
150 °C, far below the thermal decomposition temperature of PDMS backbone*® or
methyl side group bonds,*” and kept at this temperature for 40 min. The analysis of
thermally treated SH-PDMS can be seen in the red-colored 'H NMR graph in

Figure 2f: (400 MHz, CHCls+ K,COs, &, ppm): -0.50-0.35 (m, 153.64 H, -Si-O-
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Si((CHs),)-), 0.36-0.76 (quint, 4.00 H (ref), -Si-CH,-), 1.41-1.84 (m, 6.43 H, -Si-CH_-
CHy-), 1.89-2.16 (m, 0.45 H, -OH), 2.59-2.79 (dt, 2.62 H, -CH,-S-S-CH>-), 3.21-3.64
(2t, 7.99 H, -Si-CH2-CH>-CH,-O-CH-CH,-S-), 3.64-3.96 (m, 1.32 H, -Si-CH,-CHy-
CH,-O-CH2-CH,-OH)) with the corresponding red-colored GPC graph in Figure 2g.
The NMR and GPC spectra of supplied HO-PDMS indicate a chemically pure
and homogenously dispersed substance (B =1.4) with an NMR-based number
average molecular weight M, of 1733 g mol™ (the quintet at 0.36 to 0.76 served as
reference of 4 H in all spectra). After the exchange of terminal hydroxy groups on
OH-PDMS for thioacetate functionalities, a broad singlet within the NMR data at 2.16
to 2.41 ppm confirms the modification. The corresponding integral of 4.42 suggests
that the reaction yielded about 75 % thioacetate functionality. The subsequent
reduction with LiAlH4 releases acetate, which is removed in the water extraction
causing the disappearance of the respective singlet at 2.16 to 2.41 ppm (Figure 2f,
blue-colored spectra). The integrals corresponding to the signals from the
dimethylsiloxane units at -0.50 to 0.35 ppm rise from 125 to 151 after deacetylation,
confirming the shift of molecular weight distribution to increased molecular weights
(corresponding GPC curves from green to blue color in Figure 2g), indicating di-
sulfide bond formation after deprotection. The integrals of the spacer CH,-groups are
preserved for the reaction steps and characteristic shifts of the CH,-group,
subsequently connected to -OH, -thioacetate and -SH have been observed. The
signal of the unprotected terminal thiol groups seems superposed with the signal of
the CH,-group and is therefore not clearly resolved but indirectly confirmed by the
increase of the respective integral at 1.41 to from 5.49 to 6.33 ppm, blue- and red-
colored NMR spectra in Figure 2f, respectively. The GPC analysis confirms the
integrity of the polymer chains during the reaction steps, the thermal stability of the
SH-PDMS for a temperature of 150 °C and a heating period of 40 min. A slight shift
to increased molecular weights indicates chain elongation due to disulfide bond

formation (red-colored graph in Figure 2g). SH-PDMS was thermally evaporated at a
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temperature of (140 £ 5) °C to avoid the thermal degradation of the thiol groups

above 150 °C.%

Molecular beam deposition. The PDMS, Au, and Cr were thermally evaporated and
deposited under ultra-high vacuum (UHV) conditions at a base pressure of 107 mbar.
DMS-V05 and synthesized SH-PDMS were evaporated using low-temperature
effusion cells (NTEZ, Dr. Eberl MBE Komponenten GmbH, Weil der Stadt, Germany)
with a 25 cm® crucible for DMS-V05 and a 2 cm® crucible for SH-PDMS. High-
temperature effusion cells (HTEZ, Dr. Eberl MBE Komponenten GmbH, Weil der
Stadt, Germany) with 10 cm® PBN-crucibles were utilized for Au and Cr. DMS-V05
thin films were evaporated at a crucible temperature of (200 £ 5) °C well below the
temperature of thermal degradation of the vinyl end groups.” Au and Cr were
evaporated at temperatures from 1,400 °C to 1,440 °C corresponding to deposition
rates of about 1.1 102 nm s and 3.0 10° nm s™, respectively. Within the range of
chosen deposition rates no distinct influence to the Au nanoparticle formation is
expected.?’ The Si-substrate was mounted within a distance of 400 mm from the

crucibles and rotated at a speed of 5 rpm to obtain a homogenous growth.

Ultraviolet cross-linking. The cross-linking was initiated by in-situ ultra-violet (UV)
light irradiation from an externally mounted source (H2D2 light source L11798,

Hamamatsu, Japan) through a CaF-window.*

Real-time spectroscopic ellipsometry. To in situ examine the optical properties of
the forming nanostructures, a spectroscopic ellipsometer (SE801, Sentech, Berlin,
Germany) with SpectraRay3 software was utilized. The spectroscopic ¥- and A-
values, ranging from 190 to 1050 nm, were monitored at a frequency between
0.5 to 2 Hz at an incident angle of 70° to the normal of the substrate’s surface. The

4 mm diameter of incident beam resulted in a 4 x 10 mm? spot area on the substrate.
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The obtained ¥- and A-values, or the Fourier coefficients S; and S,, are related to
the complex Fresnel reflection coefficients r, and rs of s- and p-polarized light and

their ratio p by

. A
p=r/r=tanW-e

().
Based on the obtained Fresnel reflection coefficient ratio it is possible to extract

the wavelength-dependent dielectric function &(A)

(g)=(&")+i(e") = <ﬁ>2 = (<n>+i<k>)2 =¢,sin(¢,)’ |1+ tan(¢,)’ (1;—5)2 ).

with the angle of incidence ¢y, the vacuum permittivity &, = 1, n(A) the real and
k(A) the imaginary parts of the refractive index, respectively.

To observe the growth and cross-linking of the evaporated PDMS its dielectric
function was modeled with the Tauc-Lorentz (TL) dispersion formula.’® A Bruggeman

effective medium model*®

was included to obtain the surface roughness induced by
the nucleation centers or polymer/metal interface layers. This layer is considered to
have an effective dielectric or optical property deduced from equal fractional parts of

deposited PDMS and void material, cf. equation (3):

0- 3 A ®

' nl.2 + 2”3

The EMA is applicable if the grown film fulfills two key assumptions, namely first
the surface roughness/nucleation centers are smaller than the minimum wavelength,
in order to ignore light scattering, and second the dielectric function has to be size-
and shape-independent. For the thermally evaporated PDMS, these assumptions are
fulfilled. For the data evaluation the void fraction was set to 0.5, which is reasonable
according to Fujiwara et al.**.

To model the dielectric function of the utilized noble metals a Drude-Lorentz
oscillator model was applied. Although, an enhanced flexibility of Gaussian

oscillators is mentioned in literature®®, we found DL-oscillators to model precisely the
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optical properties of nucleating Au nanoparticles. This is a combination of two
dispersion types. First, the Drude absorption of free charge carriers, assuming that
they act in phase in response to the applied electric field and second, the Lorentz
oscillator, effectively describing the electrons bound to a positive ion core®'.

For the assessment of the model the mean square error (MSE) of the
divergence from the obtained fit to the acquired data was calculated. The MSE is

defined in equation (4):

2 2
mod _ exp mod _ ACXP
SE _ 11] EN (IP[ IPI- ) +(A[ Ai ) (4)

i=1 exp exp

O-‘Il,i GA,i

Atomic force microscopy. The surface topography of the thermally evaporated
nanostructures was scanned using atomic force microscopy (AFM). The AFM
scanning system (FlexAFM C3000, Nanosurf AG, Switzerland) was operated in
tapping mode using a soft cantilever (Tap190AI-G probe, NanoAndMore GmbH,
Wetzlar, Germany). Areas of 5 x 5 ym? were scanned with a vibration amplitude of
2V and a set point of 20 %. In total, 512 lines at a speed of 1s per line were
acquired for each image. The root-mean-squares values were calculated using the
Gwyddion 2.41 software (Gwyddion: Open-source software for SPM data analysis,

http://gwyddion.net).

Nanoparticle segmentation. The acquired color images were converted to gray-
scale using MATLAB (The MathWorks, Inc., Natick, United States). A 2D Frangi filter
implemented in MATLAB (The MathWorks, Inc., Natick, United States)®' was used to

identify the borders of the PDMS islands.

Nuclear magnetic resonance analysis. 'H-NMR spectra were recorded on a

Bruker DPX-400 spectrometer in deuterated chloroform without tetramethylsilane.
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The analysis (phase correction and Wittaker Smoother to adjust the baseline) was

performed in MestReNova 10.0.1-14719 (Mestrelab Research S.L., Spain).

Gel permeation chromatography. Gel permeation chromatography traces were
recorded using WinGPC (v8.20 build 4815) connected to an Agilent 1200 system
equipped with a refractive index detector (RI) and a series of analytical SDV columns
(pre-column (5 cm), 1e® A (30 cm), and 1e° A (30 cm), all 5 uym particles and 0.8 cm in
diameter, PSS, Germany). The columns and Rl were kept at 35 °C, the system was
operated at a flow rate of 1 mls' and calibrated against narrow distributed

polystyrene standards.
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3 Conclusions and Qutlook

Organic molecular beam deposition (OMBD) enables the controlled evaporation of
polydimethylsiloxane (PDMS) chains at temperatures below thermal degradation.
The energy barrier of thermal degradation is determined by the stability of functional
side groups, e.g. a degradation temperature of 230 °C for the vinyl terminations has
been found. The side groups of linear PDMS chains dominate intermolecular Van-
der-Waals interactions. Nevertheless, the unique flexibility of linear PDMS enables
folding at the crucible surface such that molecular weights of up to 6.000 g/mol can
be evaporated. As a result, the functional group density for end-terminated linear
PDMS was tailored between 2.8 to 11 %. In principle the degree of functionality can
be extended by using copolymers with altered side terminations. As a drawback,
the substitution of methyl groups would lead to increased intermolecular interactions
e.g. steric hindrance. The resulting increase in vaporization heat would narrow the
spectrum of molecular weights accessible for thermal evaporation. Nevertheless, we
propose the incorporation of phenyl terminations to manipulate the dielectric func-
tion of the PDMS thin films. Enhanced dielectric properties would influence the
actuation efficiency positively in dielectric elastomer actuators. The heating of the
substrate holder to temperatures close to that of the evaporation temperature should
be considered in the future. This would sharpen both, the molecular weight distri-
bution and the functional group density, which are broadened by the Boltzmann
energy distribution. Thus, thermal evaporation allows for sharp tailoring of molec-
ular weights and functional group density to manipulate e.g. the elastic properties
and surface energy, respectively, of nanometer-thin PDMS films.

Within this work, the cross-linking mechanism of ultraviolet light (UV) curing has
been illuminated for vinyl-terminated PDMS. Preferably vinyl-groups with pro-
nounced absorption at 210 nm become radicalized and form prolongated chains. Ad-
ditionally methyl side-groups become radicalized through irradiation at wavelengths
below 190nm. At high irradiation densities the interplay of cross-linking gradient
and heat input from the irradiation source leads to isotropic-distributed wrinkled
surface morphology. Thus, we propose in situ UV-curing during the deposition
to reach homogenous cross-linking density and surface morphology. Time-resolved
spectroscopic ellipsometry has been utilized to monitor the dynamics of cross-linking
more in detail. It has been observed, that the cross-linking velocity is dependent
on the chain length or to the functional group density, respectively. Obviously the
longer the chains less bonds have to be cross-linked. As the accessible chain length
for thermal evaporation is limited we propose Benzophenone-based photo initiators
to be incorporated into the OMBD process. Implemented into the polymer net-
work, their distinct absorption bands between 200 to 400 nm can extend the range
of absorbable irradiation wavelengths. Thus, the growth rate for in situ cross-linked
PDMS film is no longer limited by the UV-curing speed. Moreover it is expected to
gain improved control of cross-linking density and elastic properties of the PDMS
films.
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Furthermore this work presents the control of UV-induced microstructures on PDMS
thin-films. Coated with sputtered gold they can act as pre-stretched contact layers
for DEAs tolerating high strains. Four point measurements revealed for the thinnest,
still conductive ,10 nm-thin Au electrode a conductivity threshold for strains above
22 %. Therefore, alternative approaches have to be considered for future stretchable
electronics.

Spectrosopic ellipsometry (SE) constitutes a unique technique to access in situ op-
tical properties, plasmonic fingerprints and film topography simultaneously. Two
important conclusions stand out from this ellipsomtric study: First, we highlight
the ability to extract insulator-to metal transition of soft hetero nanostructures with
sub-nanometer resolution. Once the prevalent growth mode of metal nanoparticles is
derived from real space imaging e.g. atomic force microscopy, SE allows interpreta-
tion for the size, shape and percolation events of metal nanoparticles on multilayered
heterostructures. Second, real-time monitoring offers the precise control of Au-S
bond based SAMs and the formation of isotropic or prospective anisotropic ordered
metal /elastomer heterostructures. Our results suggest a dramatic improvement in
gold homogeneity and surface roughness for applied nanometer-thin interlayers of
SH-PDMS and Cr. We claim the gold-coated hetero nanostructures under study
to retrieve some flexibility under strain due to either localized covalent gold-thiol
bonds or pre-stretched nanometer-thin Cr-wrinkles and thus they will enhance the
maximal strain level for stretchable nanoelectroncics. Recently, alloying gallium on
gold has been shown to be a promising stretchable and self-healing electrode un-
der high strains. The variability of the MBD system allows for the evaporation
of two or more components simultaneously. Liquid metal electrodes, fluid at room
temperature, blended of indium and gallium can be realized.

This work presents a proof of concept for the proposed thin film technology for low
voltage operation of dielectric elastomer actuators. Single layer dielectric elastomer
actuators based on thermally evaporated, UV-cured polydimethylsiloxane have been
sandwiched between sputtered Au-electrodes. Manufactured as asymmetric can-
tilever structures, the bending characteristic revealed a maintained actuation of a
200 nm-thin film, activated in the voltage range between 1 and 12V, compared to
a 4 pm-thick, spin-coated film, operated between 100 and 800V. The force of the
200 nm-thin film actuator was about 107*N. Extrapolated, multilayer actuators
with more than 10? layers would reach forces comparable to natural muscles.

Growth rates of thermally evaporated in situ cured PDMS films were limited to
100nm/h. First, improved growth rates can be realized with higher evaporation
rates. This would demand for other functional side groups, e.g phenyl with enhanced
thermal stability. Second, multiple evaporators and multiple UV-irradiation sources
could accelerate the process speed towards industrial applicability. Contrary, in co-
operation with Florian Weiss et al. we presented alternating current electro-spray
deposition (ACESD) as a suitable alternative technique to OMBD. By depositing
vinyl-terminated PDMS solution and subsequent UV-curing PDMS thin films with
sub-micrometer thickness were grown with up to two orders of magnitude increased
deposition rates compared to OMBD. Further advantages of ACESD are the inex-
pensive set up and the unconstrained choice of polymer. However, sub-micrometer
films with depositions rates above 1 pm/h exhibited island-growth rather than ho-
mogenoues films. The locally height variations are related to multi-cone jet mode
and minimal droplet sizes of a few micrometers within the spray. In future, once
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a stable single cone-jet spray has been established the enhanced film homogene-
ity qualifies ACESD for industrial-scale production. Multiple nozzle arrangements
could be employed, for example to manufacture large-area, multi-stack DEAs.

However, the precise growth control of nanometer-thin PDMS films from the first
monolayer on, distinguishes OMBD for polymer thin film technology. The manufac-
turing of confluent PDMS thin-films is not only of interest for low-voltage actuation
but also for low-voltage sensing based on the technology of single layer electrically ac-
tivated polymers. For these single layer DEA nanostructures the drawback of small
deposition rates vanishes while the great advantage of unique homogeneity arises.
We anticipate that this technique will even qualify to realize functionalized surfaces
for biomedical devices, such as microfluidic applications, or tailoring cell-polymer
interactions.

Finally, this work presents a great improvement of PDMS nanometer-thin film prepa-
ration towards the fabrication of biomedical devices. MBD combined with real-time
spectrosopic ellipsometry SE paves the way to tailor soft multilayer metal /elastomer
heterostructures on the nanometer scale. In a low-voltage DEA configuration we an-
ticipate great potential as nanophotonic devices, e.g soft tuneable gratings for nano-
optics and finally for multilayer DEA-based artificial muscles for medical implants.
Combined with in situ SE, a low-voltage-tuneable heterostructure morphology qual-
ifies for flexible biosensors to monitor and manipulate bio-molecular interactions on
metal nanoparticles e.g. antibodies.
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