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microfluidics[4] to hybrid devices involving 
CMOS technology.[5] The high efficiency 
and reliability combined with 10% strain 
at millisecond response make silicone-
based polymers promising for electrically 
activated elastomer (EAP)-based devices, 
such as tactile displays, adaptable lenses 
and sensors.[6] Manufactured in a low-
voltage configuration, the remarkable 
ability of simultaneous sensing and actu-
ating distinguishes EAPs and allows them 
to mimic natural muscle functionality.[7] 
Therefore, nanostructured, stacked actua-
tors have been proposed as smart artificial 
muscle implants.[8] However, to guarantee 
the long-term stability of such low-voltage 
hetero-nanostructures, the sub-nanometer 
homogeneity of nanometer-thin polymer 
and metal films is required. Recently, the 
precisely tailored molecular weight dis-
tribution and functionality of thermally 
evaporated PDMS films has been demon-
strated.[9] Contrary to micrometer-rough 

PDMS thin films fabricated by electro-spray deposition,[10] 
the high degree of experimental control possible with organic 
molecular beam deposition (MBD) provides the opportunity 
to engineer self-assembled PDMS as well as metal films with 
nanometer precision.

Herein, we have fabricated thermally evaporated, self-assem-
bled metal/PDMS nanostructures and monitored in situ the 
formation of deposited metallic layers from discontinuously 
arranged nanoparticles to confluent thin films by using spec-
troscopic ellipsometry (SE). Collective electronic oscillations 
induced by incident photons yield surface plasmon resonances 
(SPRs). Plasmonics is an application-rich merging of photonics 
and electronics[11] that allows one to track intrinsic structural 
properties such as the size and morphology of organic-inor-
ganic hetero-nanostructures, without the restrictions imposed 
by the diffraction limit. Plasmonic oscillations can be tuned 
from the mid-infrared, which is of special interest for ultrafast 
data transfer in telecommunications based on semiconducting 
composites,[12] down to UV visibility[13] for bio-sensing applica-
tions[14] based on Au nanostructures. The combination of self-
assembly by MBD, controlled by SE, paves the way for tailoring 
Au PDMS nanostructures towards homogeneous, multi-layer 
growth.

Compliant hetero-nanostructures provide access to nano-photonics, flex-
ible electronics, and artificial muscles. These nanometer-thin polymers and 
metals are regularly predicated on molecular beam deposition—a technique 
that leads reliably to homogeneous films and enables the precise in situ 
monitoring of forming nanostructures. Herein, it is demonstrated that spec-
troscopic ellipsometry can be used to on-line monitor film formation with a 
sub-nanometer resolution and the evolution of the related optical properties of 
the hetero-nanostructure. The data recorded include plasmonic fingerprints of 
Au islands as well as film formation on self-assembled polydimethylsiloxane 
(PDMS). Bi-functionalized thiol-PDMS, tailored for thermal deposition, serves 
as a self-assembled adhesion layer for Au electrodes. Suppressed localized 
plasmonic activity indicates the formation of a homogeneous Au film on thiol-
PDMS and wrinkled Cr/PDMS, contrary to the well-known establishment of 
Au islands on bare PDMS. The tailored hetero-nanostructures based on Au/
thiol-PDMS and Au on wrinkled Cr/PDMS adhesion layers enable the fabrica-
tion of stretchable electronics and low-voltage dielectric elastomer sensors 
and actuators for artificial muscles and tunable optics.

Dr. T. Töpper, Dr. H. Deyhle, B. Osmani, Dr. V. Leung,  
Dr. T. Pfohl, Prof. B. Müller
Biomaterials Science Center
Department of Biomedical Engineering
University of Basel
Gewerbestrasse 14, 4123 Allschwil, Switzerland
E-mail: bert.mueller@unibas.ch
S. Lörcher
Chemistry Department
University of Basel
Klingelbergstrasse 80, 4056 Basel, Switzerland

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aelm.201700073.

Hetero-Nanostructures

1. Introduction

Flexible and foldable conductors based on polymers are the 
foundation of “tissue-like” soft electronics.[1] Polydimethylsi-
loxane (PDMS) is used widely due to its low cost, ease of fab-
rication, biocompatibility, and optical transparency.[2] Areas of 
application have been extended from soft bioelectronics[3] and 
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Due to low PDMS surface energy,[15] adhesion promoters 
such as Cr are required to generate stable and compliant Au 
PDMS composites. To circumvent the mechanical stiffness of 
Cr layers and the wrinkling of Cr-PDMS heterostructures, we 
synthesized bi-functional thiol-PDMS (SH-PDMS) with molec-
ular weights tailored for MBD, to serve as soft self-assembled 
adhesion layers. Suppressed localized plasmonic activity in 
the visible spectral range indicates homogeneous Au growth 
on both the Cr and the thiol-PDMS adhesion layers, compared 
to Au cluster formation on bare PDMS. Remarkably, we deter-
mined a percolation threshold for the first confluent layer as 
low as a few nanometers of Au film thickness.

The methodology introduced herein optimizes the moni-
toring and tailoring of multi-layer plasmonic structures for soft 
nanophotonic and electronic applications. Dynamic control of 
the plasmonic behavior of Au nanostructures is of current sci-
entific interest, due to their potential for optoelectronic devices 
such as photonic crystals, gratings and waveguides.[16] Au nano-
structure shape control is also relevant for the development 
of biomimetic materials and printed electronics.[17] The com-
bination of plasmonics with soft low-voltage EAPs offers the 
intriguing possibility of dynamically tuned plasmonic frequen-
cies by manipulating the underlying polymer layer through 
structural and dimensional control.

2. Self-Assembly of Thermally Evaporated 
Thiol-PDMS

Besides optical properties, real-time SE detects the nano-
photo nic fingerprints of Au nanoparticles, which are related 
directly to the size, surface coverage and dielectric functions 
of nanoparticles. A schematic cross-section of the ultra-high 
vacuum (UHV) fabrication and in situ measurement configura-
tion is shown in Figure 1a. We first investigate the self-assembly 

of thermally evaporated SH-PDMS. Many approaches employed 
to control nanoscale architectures precisely are based on the 
high affinity of thiols to Au.[18,19] The synthesis of SH-PDMS 
from bi-functional hydroxy-ethoxy propyl-terminated poly-
dimethylsiloxane (OH-PDMS) (Figure 2f) is characterized by 
nuclear magnetic resonance (NMR) and gel permeation chro-
matography (Figure 2 g,h). We emphasize in this study the 
demanded control of SH-PDMS molecular weight distribution 
(MWD) for thermal evaporation. Based on the thermal degra-
dation temperature of 423 K (150 °C) for thiol groups,[20] the 
molecular weights required for linear SH-PDMS to evaporate 
are limited to about 3000 g mol−1.[9] The synthesized SH-PDMS 
(blue-colored curve in Figure 2h) reveals a number average 
molecular weight Mn of 2700 g mol−1, which offers a broad 
range of the MWD to be evaporated. After evaporation under 
UHV conditions at a temperature of 423 K (150 °C) (red-colored 
curve in Figure 2h), a slight shift to an Mn of 2800 g mol−1 is 
found. In agreement with the NMR spectra, this shift results 
from a negligible amount of disulphide linkage-induced prolon-
gation of SH-PDMS chains. However, as the molecular weight 
is shifted only slightly, and the reaction between disulphides or 
thiols with Au is similar,[21] the synthesized SH-PDMS is suit-
able for thermal evaporation.

The thermal evaporation and assembly of synthesized SH-
PDMS on Au at an evaporation temperature of 393 K (120 °C) 
is illustrated in Figure 2a. A 1.2-nm-thin, surface-near layer 
with a refractive index n of 1.75 at a wavelength λ of 656 nm, 
combined with a superposed layer with n = 1.5 at λ = 656 nm, 
fits the experimentally obtained spectroscopic Ψ- and Δ-values. 
The derived thickness of 1.2 nm corresponds to the (CH2)3
O(CH2)2SH (2-propoxyethyl-1-thiol) terminal group with 
a theoretical 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 
(CH2)3-O-(CH2)2-SH groups. Re-evaporation of the adsorbed, 
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Figure 1. Thin film preparation scheme. a) Cross section of the organic molecular beam deposition setup for the fabrication of soft multi-layer nano-
structures under ultra-high vacuum conditions. In situ spectroscopic ellipsometry at an incident angle of 20° simultaneously monitors film thickness, 
optical properties, and plasmonics. Representative schemes of thermally grown soft nanostructures: b) self-assembled Au particles bound to bi-func-
tional, thiol-terminated PDMS; c) wrinkled Cr/PDMS; d) Au nanoparticles on a PDMS membrane. Coherent electron oscillations occur if the nanoparti-
cles become excited at the resonance frequency. Due to the incident 4 × 10 mm2 beam dimension, SE monitors nanostructures over a macroscopic area.
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free SH-PDMS chains yields a self-assembled layer of Au-S-
PDMS. The stepwise reduction in film thickness for increased 
substrate temperatures related to SH-PDMS desorption is pre-
sented in Figure 2c. Van-der-Waals interactions of the methyl 
side groups dominate intermolecular interactions between 
SH-PDMS on the substrate and in the crucible melt.[9] There-
fore, an entire desorption of free SH-PDMS is assumed for 
substrate temperatures well above the evaporation temperature 
of 393 K. The S–Au bond strength of 167 kJ mol−1[18] enables 
substrate heating above 413 K (140 °C) before the S–Au bond 
fractures. The SH-PDMS film thickness diminishes asymp-
totically to 5.2 nm, whereas the thickness of the surface near 
the (CH2)3–O–(CH2)2–S layer remains constant. This behavior 

indicates a self-assembled layer with ordered SH-PDMS linked 
to Au. According to literature, the peak molecular weight 
of linear PDMS evaporated at 393 K is 1600 g mol−1,[9] cor-
responding to a chain length of about 9.5 nm.[22] Assuming 
a characteristic 30° tilting angle, as for self-assembled alkene 
thiols,[18] a layer thickness of 8.2 nm is calculated, which is 
thicker than the experimentally determined example. During 
re-evaporation the distinct UV absorption of the (CH2)3–O–
(CH2)2–SH group around a wavelength of 240 nm[23] decreases 
within the tail-group layer (Figure 2e). In combination with 
the final layer thickness of 5.2 nm, this behavior implies bent, 
double-bonded residual SH-PDMS chains on Au after re-evap-
oration. The evaporation of 13.3-nm-long SH-PDMS chains at 
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Figure 2. Self-assembly of bi-functional thiol-terminated PDMS on Au. a) Stacking schemes of i) thermally evaporated SH-PDMS chains consisting of 
the (CH2)3O(CH2)2SH-group (black) and dimethylsiloxane repeating units (blue) on an Au substrate. b) Monolayer of SH-PDMS chains double-
bounded to Au after ii) the re-evaporation of excess molecules. c) Time-resolved desorption of SH-PDMS chains at substrate temperatures 373 K (blue), 
393 K (green) and 413 K (red). d) SPRs in the dielectric function of the underlying Au reveal environmental dielectric properties,[46] for example a SPR-red 
shift due to the increasing environmental refractive index of SAu bonds.[47] However, the distinct SPR blue shift from 590 to 580 nm during the re-
evaporation process rather relates to Au-clustering as a result of substrate heating.[26] Thus, considering all structural transitions is crucial to conclude 
the formation process of Au/SH-PDMS nanostructures. e) Extinction coefficient of the bi-layer model for SH-PDMS (blue), consisting of the (CH2)3
O(CH2)2SH group (black) and the tail group (red). The dielectric function is determined based on Tauc–Lorentz oscillators.[44] f) Synthetic route 
to yield the bi-functional, thiol-terminated PDMS (SH-PDMS) from bi- hydroxy-ethoxy propyl-terminated PDMS (OH-PDMS) with 1) trifluoromethane-
sulfonic anhydride at −20 °C for 3 hours; 2) potassium thioacetate at 25 °C for 12 hours; 3) LiAlH4 at 0 °C for 4 hours. 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 423 K (150 °C) for a period of 40 minutes. h) The 
corresponding molecular weight distributions obtained from gel permeation chromatography traces. The black curve represents bi-functional hydroxy-
ethoxy propyl-terminated polydimethylsiloxane (OH-PDMS) as supplied.
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an evaporation temperature consistent with the substrate tem-
perature of 413 K leads to a layer thickness of 7 nm. Hence, 
SH-PDMS assembly on gold can be tailored precisely via the 
interplay between evaporation and substrate temperature. 
Stacked mirrored, as displayed schematically in Figure 1b, the 
SH-PDMS layer is anticipated to provide localized Au nano-
particle bonding, resulting in a homogeneous SH-PDMS/Au 
architecture.

3. Chromium Film Morphology Evolution  
on PDMS

Alternatively, a matured approach to promote adhesion between 
thin Au films and soft PDMS membranes involves the incorpo-
ration of nanometer-thin Cr-films. The additional metal inter-
layer, however, induces significant stiffening. Fabricated as a 
pre-stretched wrinkled microstructure, Cr-PDMS can retrieve 
some flexibility under strain.[24] PDMS pre-stretching, to build 
oriented wrinkles, is difficult to manage with nanometer-thin 
PDMS membranes. The spontaneous, isotropic formation of 
wrinkles can be induced through heating during metal depo-
sition,[25] due to the evaporator’s infrared (IR) radiation. A 
time sequence during Cr deposition, with a constant rate of 

0.062 nm s−1, is shown in Figure 3. The tri-layer model applied 
to the ellipsometry data allows for distinguishing between a flat 
Cr film with height hCr and a wrinkled Cr-PDMS interface layer 
with height hinterface. This straightforward model is justified, as 
the PDMS surface roughness of (0.7 ± 0.1) nm, determined by 
AFM (Figure 3f), remains well below the dimensions of the 
wrinkled surface morphology. The graphs in Figure 3c–e eluci-
date the onset of wrinkle formation at 80 s after deposition com-
mencement. The decreased PDMS film thickness hPDMS and Cr 
film height hCr can be characterized as the formation of a wrin-
kled interface layer. We assume that a confluent Cr film forms 
for deposition of 80 s, which is associated with increasing IR-
light shielding. Subsequently, the PDMS film relaxes evolving 
isotropic wrinkles, a scenario supported by the on-line meas-
urement of the refractive index n(λ) and extinction coefficient 
k(λ) that reveal SPR at λ = 740 nm after 20 s deposition con-
tinuously shifting to λ = 800 nm after an 80 s deposition time 
(Figure 3a,b). This observed redshift implies the formation of 
Cr nanoparticles. Delocalized electrons of the near infrared 
(NIR) Drude-band in the extinction spectra occur at deposition 
times above 80 s, which is an indication of the coalescence of 
Cr nanoparticles for films thicker than 5 nm. An additional 
resonance peak at λ = 260 nm arises for depositions exceeding 
80 s. The corresponding refractive index at this wavelength is 
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Figure 3. Morphology evolution 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) are shown for deposition periods between 20 and 180 s (blue to red-coloured in (c–e) with 
20 s intervals. The dashed line corresponds to Cr bulk values.[48] The ellipsometry model (inset) consists of three layers: c) Cr film with thickness hCr, 
d) a Cr/PDMS compound layer with thickness hinterface, gradually changing the optical properties from Cr to that of e) PDMS film with thickness hPDMS. 
Atomic force microscopy images reveal the morphological transformation from f) a flat PDMS film with a surface roughness of 0.7 nm to g) a wrinkled 
12 nm-thin Cr-PDMS surface in the terminal stage. Fourier transform analysis of a series of images reveals a wrinkle period of (470 ± 20) nm. This 
micro-structured Cr surface, with dimensions in the range of the incident light wavelength, induces distinct absorbance due to light scattering. In addi-
tion, these wrinkles can fulfil the surface plasmon excitation condition as published for Ag pattern on elastomers.[49] (h) Morphology in equilibrium 
was measured two weeks after preparation. The wrinkle period remains (470 ± 20) nm, but the shape evolves from a sinusoidal to a top-hat profile, 
with average amplitudes increasing from 50 to 80 nm.
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larger than that of bulk Cr for the thicker films, a finding we 
link to wrinkled Cr-morphology rather than to Cr’s dielectric 
function, a notion supported by the AFM image in Figure 3g. 
Isotropic wrinkles dominate the final Cr-PDMS topography.

4. Au Formation on Soft Hetero-Nanostructures

The multi-layer hetero-nanostructures investigated herein are 
depicted schematically in Figure 4. Au depositions on SiO2 and 
on a UV-cured PDMS 98-nm-thin membrane are shown in 
Figures 4a,b. The related ellipsometry measurements serve as 
references for Au deposited on rigid and soft substrates.[26,27] 
The Au film formation schemes for three differently built 
soft nanostructures are illustrated in Figures 4c–e. Ellipsom-
etry gives rise to the dielectric constant ε′ and the extinction 
coefficient k spectra of Au films up to a thickness of 22 nm. 
Ellipsometry-derived values for film thickness are based on 
the Drude–Lorentz oscillators model and validated by AFM 

measurements at the edges. Furthermore, AFM images, as 
represented in the fourth row of Figure 4, confirm the ellip-
someter-derived data on surface roughness. The employed Lor-
entz oscillators adapt excellently to the plasmonic absorption 
bands, resulting in mean square errors well below unity for 
the modeled hetero-nanostructures (Supporting Information, 
Figure S1). UV-interband transitions from d-valance to s- and 
p-bands above the Fermi level of Au occur at resonance ener-
gies of 3.05 and 4.30 eV (406 and 288 nm), modeled by two Lor-
entz dispersions.[28] Further discussions focus on the intrinsic 
properties of Au nanoparticles with plasma frequencies in the 
range of visible light. SE provides a sensitive but non-invasive 
characterisation technique without influencing the intrinsic 
properties of the nanostructures, because local heating, owing 
to plasmon resonance absorption, can be neglected.

For the deposition of Au on SiO2, a single SPR, consisting of 
two Lorentz oscillators (Supporting Information, Figure S3e), 
exhibits redshift and broadens in line with increasing average 
film thickness (Figure 4a). For films thicker than 16 nm, the 
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Figure 4. Plasmonics of growing Au nanoparticles on soft hetero-nanostructures. Film-thickness-dependent spectroscopy of the extinction coefficient k 
(second row) and the real part ε′ of the dielectric function (third row) are shown for thermally evaporated Au nanoparticles on a) Si/SiO2; b) UV-cured 
thermally evaporated DMS-V05; c) thermally evaporated SH-PDMS; d) SH-PDMS deposition during UV-radiation (termed as UVSH-PDMS); e) iso-
tropic wrinkled Cr-PDMS nanostructures. The colour code for the extinction coefficient k is displayed logarithmically and the real part ε′ of the dielectric 
function linearly. Dashed arrows indicate the occurrence and shift of SPR peak frequencies within the extinction coefficient spectra. The boundary for 
which the dielectric constant appears, ε′ < 0, is marked as a black line. This event is connected to delocalized electron oscillations that occur in the NIR 
Drude-band. The final Au film morphologies on the corresponding hetero-nanostructures are characterized by atomic force microscopy (fourth row).
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second oscillator evolves into the NIR Drude-band. The redshift 
of the SPR in the extinction spectrum goes along with changes 
in ε′ from positive to negative, explained by the coalescence of 
metal nanoparticles and relating to localized free electrons. The 
percolation threshold can be defined as an insulator-to-metal 
transition (IMT) and implies delocalized free electrons for 
ε′ < 0 in the NIR.[29] For Au/SiO2 the IMT is observed for films 
thicker than (20.0 ± 0.5) nm. Höver et al. have already found 
an IMT for Au/SiO2 for 8 nm-thin Au films.[30] However, their 
analysis is based on ε′-shifts at a light wavelength of 20 µm, 
for which transition behavior is increasingly pronounced and 
occurs for thinner Au layers.

The properties of Au on an UV-cured PDMS membrane 
are illustrated in Figure 4b. Two main SPRs at wavelengths 
of 540 and 650 nm for 2.7 nm-thin films are observed. Using 
selected deposition times (Supporting Information, Figure S2), 
the evolution of the SPRs can be followed in detail. Increasing 
film thickness, these SPRs redshift and merge to a single peak. 
Simultaneously, a third SPR band in the NIR develops above 
an Au thickness of 10 nm. Although the blue shift of SPRs 
with increasing particle heights counters the redshift of lateral 
growth, it has been stated that lateral particle size dominates 
the shift of SPRs,[26] e.g. SPR absorption splits into two bands 
for elongated nanometer-sized clusters.[31] Detected SPRs at an 
Au thickness of 2.7 nm suggest clusters with a lateral aspect 
ratio of 1.9. The third resonance may be due to cluster coales-
cence with increasing aspect ratios from 1.9 to 4.0 for 16.7 nm-
thin Au.[31] The analysis of related AFM images (Supporting 
Information, Figure S2e,f) reveals an aspect ratio of (2.1 ± 0.5) 
- a significantly smaller value for 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.[32] Hence, in order to extract the 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. One SPR is detected splitting up 
into two Lorentz oscillators for films above 4 nm (Figure 4c). 
The IMT for Au/SH-PDMS was extrapolated to a film thickness 
of (25 ± 1) nm. However, the onset for localized electron oscilla-
tions at an SPR wavelength of 633 nm is derived already for Au 
films (15 ± 1) nm thin.

5. From Individual Gold Clusters to a 
Confluent Layer

To shed light on the process of Au islanding, the experi-
mental data derived from ellipsometry are analysed. Figure 5 
contains the data of Au film formation on five selected sub-
strates. Although the Au evaporator provides a constant dep-
osition rate, the measurement reveals a three to four times 
larger growth rate during early stages than for advanced mul-
tilayer growth. This phenomenon can be attributed to the rela-
tively low surface energy of bare PDMS, which promotes Au 
islanding, known as Volmer–Weber growth.[33] With increasing 
Au cluster density the probability of coalescence increases. 
At certain coverage, the percolation threshold is reached and 
further deposition will result in a layer of connected Au clus-
ters, schematically represented in Figure 5a. We determine 
the percolation threshold from the intersection of the ellip-
sometry-derived deposition rate h′ with the expected mean 
deposition rate d′. For Au/SH-PDMS the percolation threshold 
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Figure 5. Au nanocluster percolation threshold. a) Schematics of Au film formation from 3D islanding (Volmer–Weber mode) towards the assembly 
of a nanocluster layer are illustrated. b) Ellipsometry-derived Au film thickness h at representative time points for Au growth on Si/SiO2 (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 UVSH-PDMS (violet stars), where an isotropic wrinkled Cr-PDMS nanostructure (black squares) is 
shown. Dotted lines illustrate expected mean Au thickness d as adjusted by the evaporator temperature corresponding to the top axis of the diagram. 
c) Ellipsometry-derived growth rates h′ of Au on hetero-nanostructures are shown. Expected mean growth rates d′ for evaporation temperatures of 
1733 and 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 growth towards III) a 2D-pronounced assembly to a confluent cluster layer. The percolation threshold to confluent 2D-pronounced assembly is 
claimed as the match between the derived growth rate h′ and the expected mean growth rate d′ (colour-shaded areas).
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corresponds to (24 ± 1) nm, in agreement with the observed 
IMT value. The comparable value of (22 ± 1) nm for Au/
PDMS is an indication of an almost identical process of Au 
nanocluster formation. The distinct extinction feature, i.e. the 
band around a wavelength of 280 nm for all Au thicknesses 
investigated, is associated with the (CH2)3-O-(CH2)2-S-group 
of SH-PDMS (Figure 4c). 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 
attached Au adatoms towards Au nanocluster assembly similar 
to the growth on pure PMDS. The related AFM images 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 strong S-Au bonds,[34] Au nanoclusters are 
well connected to SH-PDMS chains, and they can form a con-
ducting matrix of nanometer-sized clusters.

To build well-ordered, confluent Au monolayer on SH-
PDMS, UV radiation has been applied to the hetero-nano-
structure subsequent to the deposition of the Au cluster 
monolayer (Figure 4d). SH-PDMS can be cross-linked via 
methyl side groups to the underlying PDMS membrane, 
termed UVSH-PDMS. A rearrangement of UVSH-PDMS 
chains is presumably suppressed and may lead to localized 
Au through strong SAu bonds. In fact, the decrease in oscil-
lations 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 local-
ized electrons is reduced by one order of 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 a sharp 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 determined percolation threshold is only (12 ± 1) 
nm (Figure 5c). The surface roughness obtained from AFM 
experiments corresponds to (4.4 ± 0.3) nm for Au/UVSH-
PDMS, roughly a factor of two smaller than for Au/SH-PDMS 
and Au/PDMS.

For Au deposition on wrinkled Cr/PDMS heterostruc-
tures, an IMT can be observed for films thicker than 
(5.2 ± 0.3) nm (Figure 4e). The percolation threshold of (4.4 ± 
0.3) nm (Figure 5c) is even below this value and a factor of five 
smaller compared to Au/PDMS. SPRs in the visible range of the 
extinction spectrum are entirely suppressed; however, above the 
percolation threshold, absorbance is significantly increased with 
respect to Au on SH-PDMS. This effect can be related to the 
propagation of surface plasmon oscillations within the under-
lying Cr film. Another resonance in the UV-range occurs at Au 
film thicknesses as low as 0.7 nm. Centred on a wavelength of 
320 nm, the absorbance peak exhibits redshift as the deposition 
proceeds. This resonance can originate from the wrinkled Cr 
microstructures with increasing wrinkle wavelengths during Au 
deposition, as evidenced by AFM images. The isotropic wrin-
kles (Figure 3g) disappear and an Au film with a roughness 
of only (2.9 ± 0.2) nm remains (Figure 4e). The relaxation of 
wrinkles can be understood as pre-stretching of the underlying 
elastic Cr/PDMS membrane, due to the heat load during Au 
deposition.[35]

6. Conclusion

Organic and metal molecular beam deposition, controlled via 
real-time spectroscopic ellipsometry, paves the way for tailoring 
multi-layered metal/elastomer heterostructures with nanome-
ters in thickness and to quantify the formation process of these 
heterostructures. The present growth and built-up study dem-
onstrates that the in situ ellipsometry analysis of optical prop-
erties and plasmonic fingerprints can reach sub-nanometer 
resolution, which in this case was additionally complemented 
by the real-space AFM technique. Functionalized organic 
building blocks can substantially improve the homogeneity 
and stability of Au films deposited on an elastomer such as 
PDMS. We anticipate maintained compliance either by local-
ized Au-S bonds or pre-stretched, nanometer-thin Cr, which 
is especially beneficial for future soft electronics. These spe-
cifically tailored soft nanoscale heterostructures in low-voltage 
DEA configurations are anticipated for potential nanophotonic 
devices, including soft tunable gratings for nano-optics[36] and 
tunable plasmonic absorbers.[37] Moreover, sensing and actu-
ating can be achieved within a single DEA heterostructure, and 
the fabrication of biomimetic compliant transducers similar to 
human tissue is key to realizing artificial muscles[38] and soft 
robotics.[39]

7. Experimental Section
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) µm were used.

Synthesis of thiol-terminated polydimethylsiloxane: Bi-functional, 
hydroxy-ethoxy propyl-terminated polydimethylsiloxane (PDMS) 
cArbinol Fluid 5562, referred to as “OH-PDMS,” was supplied 
by 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 PDMS structure was confirmed by 1H nuclear magnetic 
resonance (1H NMR): (400 MHz, CDCl3+K2CO3, δ, ppm): −0.50–
0.35 (m, 122.70 H, SiOSi((CH3)2)), 0.36–0.67 (quint, 4.00 H (ref), 
SiCH2), 1.41–1.84 (m, 4.55 H, SiCH2CH2), 1.89–2.16 (m, 1.62 H, 
OH), 3.21–3.64 (2 t, 8.09 H, SiCH2CH2CH2OCH2CH2), 
3.64–3.96 (m, 3.98 H, SiCH2CH2CH2OCH2CH2OH)) 
and by gel permeation chromatography (GPC), as shown by the 
black graph in Figure 2h. Inspired by the protocol provided by S.K. 
Bhatia et al.,[40] 10 g (5.29 mmol, 1 eq.) of OH-PDMS was stirred 
overnight in a two-neck, round-bottom flask at 330 rpm, 81 °C 
and 10−2 mbar to remove any residual water. The atmosphere was 
exchanged three times with Ar and 50 ml of dry hexane was added. 
The mixture was cooled in an Ar atmosphere to −20 °C while stirring 
at 180 rpm. In total, 1.5 ml (11.0 mmol, 2.075 eq.) of triethylamine was 
added in one shot. After 15 minutes, 1.8 ml (10.8 mmol, 2.05 eq) of 
triuoromethanesulfonic anhydride was added and the activation of the 
terminal hydroxy-groups was left to proceed for 4 hours before adding 
excess potassium thioacetate in dry dimethylformamid (22.0 mmol, 
4.1 eq.). The reaction mixture was left to stir overnight, followed by 
three extractions with water to yield a quantitative amount of a light-
brown viscous liquid after evaporating the hexane, hereon referred 
to as “protected SH-PDMS.” The NMR spectra of this protected 
SH-PDMS can be seen as the green-coloured graph in Figure 2 g: 1H 
NMR (400 MHz, CDCl3 + K2CO3, δ, ppm): −0.50–0.35 (m, 121.20 H, 
SiOSi((CH3)2)), 0.36–0.67 (quint, 4.00 H (ref), SiCH2), 
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1.31 – 1.46 (t, 0.47 H, SH), 1.41–1.84 (m, 4.24 H, SiCH2CH2), 
1,89–2.16 (m, 0.28 H, OH), 2.16–2.46 (s, 4.32 H, SC(O)CH3), 
2.82–3.25 (t, 3.07 H, SiCH2CH2CH2OCH2CH2SC(O)
CH3), 3.21–3.64 (2 t, 8.19 H, SiCHCH2CH2OCH2CH2), 
3.64–3.96 (m, 1.01 H, SiCH2CH2CH2OCH2CH2OH), with 
the corresponding green-coloured GPC curve in Figure 2g. To produce 
the terminal thiol functionality, 0.042 g (1.11 mmol, 2.1 eq.) of LiAlH4 
was dissolved in a 25 ml one-neck, round-bottom flask in 2 ml cold 
(ice bath) dry hexane and stirred at 200 rpm. In total, 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 LiAlH4, followed by the 
addition of 4 ml of dry tetrahydrofuran to increase the solubility of 
the reaction partners, while deacetylation was left stirring for 3 hours 
in the ice bath before quenching the excess LiAlH4 slowly with cold 
water. Triple extraction with water yielded 0.87 g of a golden, viscous 
liquid (unprotected SH-PDMS) after evaporating the hexane. The NMR 
spectra are shown as the blue-coloured curve in Figure 2f: 1H NMR 
(400 MHz, CDCl3+ K2CO3, δ, ppm): −0.50–0.35 (m, 148.37 H, Si
OSi((CH3)2)), 0.36–0.67 (quint, 4.00 H (ref), SiCH2), 1.41–
1.84 (m, 5.43 H, SiCH2CH2), 1.89–2.16 (m, 0.44 H, OH), 
2.59–2.79 (dt, 2.60 H, CH2SSCH2), 3.21–3.64 (2 t, 
7.82 H, SiCH2CH2CH2OCH2CH2), 3.64–3.96 (m, 0.6 H, 
SiCH2CH2CH2OCH2CH2OH), with the corresponding 
blue-coloured GPC graph in Figure 2h.

To assess the thermal stability of synthesized SH-PDMS, 100 mg was 
heated to 150 °C, far below the thermal decomposition temperature 
of the PDMS backbone[41] or methyl side group bonds,[42] and 
kept at this temperature for 40 minutes. The analysis of thermally 
treated SH-PDMS can be seen in the red-coloured 1H NMR graph 
in Figure 2g: (400 MHz, CDCl3+ K2CO3, δ, ppm): −0.50–0.35 (m, 
153.64 H, SiOSi((CH3)2)), 0.36–0.67 (quint, 4.00 H (ref), 
SiCH2), 1.41–1.84 (m, 6.43 H, SiCH2CH2), 1.89–2.16 (m, 
0.45 H, OH), 2.59–2.79 (dt, 2.62 H, CH2SSCH2), 3.21–3.64  
(2 t, 7.99 H, SiCH2CH2CH2OCH2CH2S), 3.64–3.96 
(m, 0.94 H, SiCH2CH2–CH2O–CH2CH2OH)) with the 
corresponding red-coloured GPC graph in Figure 2h.

The NMR and GPC spectra of supplied OH-PDMS indicate a 
chemically pure and homogeneously dispersed substance with an 
NMR-based number average molecular weight Mn of 1,733 g mol−1 
(the quintet at 0.36 to 0.76 served as a reference for 4 H in all spectra). 
After exchanging terminal hydroxy groups on OH-PDMS for thioacetate 
functionalities, a broad singlet within the NMR data at 2.16 to 2.41 ppm 
confirmed the modification. The corresponding integral of 4.42 suggests 
that the reaction yielded about 75% thioacetate functionality. The 
subsequent reduction with LiAlH4 released acetate, which was removed 
in the water extraction phase and caused the disappearance of the 
respective singlet at 2.16 to 2.41 ppm (Figure 2g, blue-coloured spectra). 
Integrals corresponding to the signals from the dimethylsiloxane units at 
−0.50 to 0.35 ppm rose from 125 to 151 after deacetylation, confirming 
the shift of molecular weight distribution to increased molecular weights 
(corresponding GPC curves from green to blue colour in Figure 2h) 
and indicating disulphide bond formation after de-protection. The 
integrals of the spacer CH2 groups are preserved for the reaction steps 
and characteristic shifts of the CH2-group, subsequently connected 
to –OH, –thioacetate and –SH have been observed. The signal of the 
unprotected terminal thiol groups seemed superposed with the signal 
of the CH2 group and was therefore not clearly resolved but indirectly 
confirmed by the increase in the respective integral at 1.41 from 5.49 to 
6.33 ppm, namely the blue- and red-coloured NMR spectra in Figure 2g, 
respectively. GPC analysis confirms the integrity of the polymer chains 
during the reaction steps, i.e. the thermal stability of the SH-PDMS at 
a temperature of 150 °C and a heating period of 40 minutes. A slight 
shift to increased molecular weights indicates chain elongation, due to 
disulphide bond formation (red-coloured graph in Figure 2h). SH-PDMS 
was thermally evaporated at a temperature of (140 ± 5) °C to avoid 
thermal degradation of the thiol groups above 150 °C.[20]

Molecular beam deposition: PDMS, Au, and Cr were thermally 
evaporated and deposited under ultra-high vacuum (UHV) conditions at 

a base pressure of 10−7 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 cm3 crucible 
for DMS-V05 and a 2 cm3 crucible for SH-PDMS. High-temperature 
effusion cells (HTEZ, Dr. Eberl MBE Komponenten GmbH, Weil der 
Stadt, Germany) with 10 cm3 PBN-crucibles were utilized for Au and Cr, 
while DMS-V05 thin films were evaporated at a crucible temperature of 
(200 ± 5) °C, well below the temperature of vinyl end groups thermal 
degradation.[9] Au and Cr were evaporated at temperatures ranging 
from 1400 to 1440 °C, corresponding to deposition rates of about 
0.3 and 1.1 10−2 nm s−1, respectively. Within the range of chosen 
deposition rates no distinct influence on Au nanoparticle formation was 
expected.[26] The Si substrate was mounted at a distance of 400 mm 
away from the crucibles and rotated at a speed of 5 rpm to obtain 
improved homogeneity.

Ultraviolet cross-linking: C-linking was initiated by in situ ultraviolet 
(UV) light irradiation from an externally mounted source (H2D2 light 
source L11798, Hamamatsu, Japan) through a CaF2-window.[8]

Real-time spectroscopic ellipsometry: To examine in situ the optical 
properties of the forming nanostructures, a spectroscopic ellipsometer 
(SE801, Sentech, Berlin, Germany) with SpectraRay3 software was 
utilized. Spectroscopic ψ- and Δ-values in the range 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 × 10 mm2 spot area on 
the substrate. Local heating, owing to plasmon-resonant absorption, 
can be neglected, as our setup with a diffuse halogen/deuterium 
lamp delivered radiation intensity by five orders of magnitude lower 
than compared to the radiation intensity of 19 W cm−2 used for 
laser-based selective photo-thermal cancer therapy.[43] The obtained 
ψ- and Δ-values, or the Fourier coefficients S1 and S2, are related to the 
complex Fresnel reflection coefficients rp and rs of p- and s-polarized 
light and their ratio ρ by 

r r ep s
iρ = = Ψ ⋅ ∆/ tan
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Based on the obtained Fresnel reflection coefficient ratio it is possible 
to extract the wavelength-dependent dielectric function ε(λ) 

i i

sin 1 tan
1
1

2 2

0 0
2

0
2

2

n n kε ε ε

ε φ φ ρ
ρ

( )
( ) ( )

= ′ + ′′ = = +

= + −
+

















 

(2)

with the angle of incidence φ0, the vacuum permittivity ε0 = 1 and n(λ) 
the real and k(λ) the imaginary parts of the refractive index, respectively.

To observe the growth and cross-linking of the evaporated PDMS, its 
dielectric function was modelled with the Tauc–Lorentz (TL) dispersion 
formula.[44] A Bruggeman effective medium model[44] (EMA) was 
included to obtain the surface roughness induced by the nucleation 
centres 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 with refractive index ni and void 
material ne, cf. equation (3): 
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The EMA is applicable if the grown film fulfils two key assumptions: 
First, the surface roughness/nucleation centres are smaller than the 
minimum wavelength, in order to ignore light scattering, and second, 
the dielectric function is size- and shape-independent. The thermally 
evaporated PDMS fulfils these assumptions. For data evaluation the 
void fraction was set to 0.5.[44]

To model the dielectric function of the utilized noble metals a Drude-
Lorentz (DL) oscillator model was applied. Although the enhanced 
flexibility of Gaussian oscillators is mentioned in the literature,[45] 

Adv. Electron. Mater. 2017, 3, 1700073



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700073 (9 of 10)

www.advelectronicmat.de

Adv. Electron. Mater. 2017, 3, 1700073

we found DL oscillators modelled precisely the 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.[29]

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 according to the figure of merit as 
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with the random and systematic error σ.
Atomic force microscopy: The surface topography of the thermally 

evaporated nanostructures was scanned using atomic force microscopy 
(AFM). The AFM system (FlexAFM C3000, Nanosurf AG, Switzerland) 
was operated in tapping mode using a soft cantilever (Tap190Al-G 
probe, NanoAndMore GmbH, Wetzlar, Germany). Areas of 5 × 5 µm2 
were scanned with a vibration amplitude of 2 V and a set point of 20%. 
In total, 512 lines at a speed of 1 s per line were acquired for each 
image. The root-mean-squares values were calculated using Gwyddion 
2.41 software (Gwyddion: Open-source software for SPM data analysis, 
http://gwyddion.net).

Nanoparticle segmentation: To segment the Au clusters, the AFM 
images were flattened by adaptive local histogram equalization 
implemented in MATLAB (The MathWorks, Inc., Natick, USA). 
Subsequently, pixels belonging to the clusters were separated from the 
background via thresholding.

Nuclear magnetic resonance analysis: 1H-NMR spectra were recorded 
on a Bruker DPX-400 spectrometer in deuterated chloroform without 
tetramethylsilane. 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), 1e3 Å (30 cm) and 
1e5 Å (30 cm), all 5 µm particles and 0.8 cm in diameter, PSS, Germany). 
The columns and RI were kept at 35 °C, and the system was operated 
using THF as eluent at a flow rate of 1 ml s−1 and calibrated against 
narrow distributed polystyrene standards.
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