ADVANCED
ELECTRONIC

'A\
M“h\'liié

www.MaterialsViews.com

MATERIALS

www.advelectronicmat.de

Highly Bendable and Stretchable Electrodes Based on
Micro/Nanostructured Gold Films for Flexible Sensors

and Electronics

Yujie Zhu and Jose Moran-Mirabal*

Simple and inexpensive ways of fabricating electronics on
flexible substrates are in high demand for wearable devices,!!
sensors,?l and actuators,’! where conductive materials need to
perform consistently under strain.*! To date, various nanoma-
terials, such as polymers,’! carbon nanotubes,!®) graphene,/!
metal films,! and nanoparticles,'%!l have been used as flex-
ible conductors. However, most of these materials are limited
in their applicability due to instability, low conductivity, or high
material cost.'?l Thus, simple and cost-effective methods to
make stretchable electrodes from metal films are highly desir-
able. Metal films can be structured to achieve stretchability
through: 1) patterning thin films into spring-shape wires(!3!
or filament networks;!'*l 2) introducing roughness at a metal/
elastomer interface to produce nonpercolating cracks during
stretching;[®®) 3) using pre-stressed elastomeric substrates
during thin film deposition followed by strain release.”) The
first strategy involves expensive and complex fabrication pro-
cesses, while the other methods are limited in the maximum
strain that the electrodes can withstand. In this manuscript, by
combining shape-memory polymer shrinkingl!®® with pat-
terning through xurography!'>?% and lift-off, we introduce a
simple and inexpensive method for fabricating structured metal
electrodes. Such electrodes exhibit excellent conductivity, elec-
trochemical sensing stability, and great resiliency to stretching
and bending strain on poly(dimethylsiloxane) (PDMS) and Eco-
flex elastomeric substrates.

The bench-top fabrication of stretchable conductive films is
illustrated in Figure 1A. Adhesive vinyl served as a mask during
gold deposition to create centimeter to sub-millimeter pat-
terned electrodes. After vinyl lift-off, the polystyrene substrate
(PS) was shrunk down to =16% of its original size, resulting in
micrometer size electrodes. Additionally, the shrinking process
buckled and wrinkled the gold films, resulting in micro/nano-
structured surfaces. The structured films were lifted off by dis-
solving an intermediate photoresist layer, whose thickness was
optimized to yield small micro/nanostructures on the gold film
and to allow it to be readily lifted off (Figure S1, Supporting
Information). The last fabrication step involved transferring the
gold film to the receiving substrate. Figure 1B,C shows photos
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of structured gold films (200 nm-thick) transferred onto PDMS
and SiO, substrates, respectively. To achieve the best adhesion
on the receiving elastomers (PDMS/Ecoflex), they were partially
cured prior to the transfer of the structured metal films. It was
observed that the presence of bubbles or contaminants at the
gold/elastomer interface led to film delamination, resulting in
low electrode stretchability. Using the optimized conditions,
this simple and inexpensive benchtop method allowed the pat-
terning, structuring, and transferring of thin gold films.

The structured films were characterized through electron and
optical microscopy before and after the lift-off and the transfer to
the receiving substrates. Scanning electron microscopy (Figure 1D)
showed that 20 nm-thick films presented smaller structures than
200 nm ones, because thinner films buckled more readily during
shrinking.?! Little difference was observed in the morphology for
the structured films before lift-off, after lift-off, and after transfer
onto elastomer substrates. To confirm this observation, the surface
roughness of the structured films was measured through optical
profilometry. The surface root mean squared roughness was meas-
ured to be statistically equal before lift-off, after lift-off, and after
transfer to the receiving substrates (Figure S2, Supporting Infor-
mation). This shows that the fabrication process does not change
the physical attributes of the structured films.

To test the stretchability of structured Au/PDMS electrodes,
their conductivity was tested under strain. The structured elec-
trode resistance was measured in a two-probe setup (Figure 2A,
bottom inset) at 5% strain increments. Typical I-V curves at 0%,
50%, and 100% strain are shown in the top inset of Figure 2A. All
electrodes remained conductive until the PDMS failed mechani-
cally (110%-130% strain), suggesting that they are excellent can-
didates for PDMS-based devices. The effect of electrode shape
on stretchability was assessed by measuring the conductivity
under strain for electrodes with different form factors (defined
as length-to-width ratio, L/ W, Figure 2A). As L/ W increased, the
resistance at comparable strains also increased. This is explained
by film cracking perpendicular to the stretching axis, which
reduces the number of available conductive paths. For elec-
trodes with high L/W, the number of cracks necessary to span
the width of the electrode, resulting in a total loss of conduc-
tivity, is smaller than for electrodes with low L/W. This is exem-
plified by Figure 2A, where the resistance for electrodes with
W=2,0.8 and 0.8 mm and L/W =3, 5, and 7.5 at 100% strain
is, on average, ~10%, =30%, and =100% higher than their ini-
tial (relaxed) resistance. Thus, electrodes with large form factors
could be useful as strain sensors, while those with small form
factors would be robust conductive elements for applications
where a constant resistance is required.
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Figure 1. Fabrication of structured electrodes. A) Schematic of the bench-top micro/nanostructured metal thin film fabrication and transfer. B) Depiction
of the fabrication process of gold electrode transferred on to PDMS. C) Depiction of the fabrication of patterned maple leaf-shaped Au film and the
transfer onto a silicon wafer. D) SEM images of 200 nm Au films before and after lift-off, and after transfer to PDMS. SEM images were taken with
accelerating voltage of 2.5 kV, working distance of 6 mm, and low probe current. All images taken at the same magnification.

To overcome the limitations of PDMS-based devices and
explore the maximum stretchability of micro/nanostructured
electrodes, we used Ecoflex elastomer as the receiving sub-
strate (=800% elongation at break). Resistance measurements
under strain for Au/Ecoflex electrodes (L/W = 7.5, Figure 2B)
showed higher interdevice variability than those on PDMS.
This is a result of the variability in adhesion between the film
and elastomer, where areas of the film that did not adhere well
delaminated more easily. The measured strain at conductivity
break was 135%, with the relative resistance remaining in the
range of 1-2.5 for strains up to 130% (Figure 2B). As controls,
we tested the conductivity of planar gold electrodes fabricated
directly on the elastomer surfaces. The flat Au/elastomer films
cracked and delaminated much more readily (Figure S3, Sup-
porting Information), losing conductivity with little applied
strain (<5%). These results highlight the need for a structured
film and proper adhesion to obtain highly stretchable and con-
ductive electrodes.

Biaxial stretchability is required for conductive elements that
can be draped over arbitrary surfaces. Various materials with
such properties have been explored in the past, including silver
nanowires,??l gold,”) and graphene films.??3 To test the biaxial
stretchability of structured Au/PDMS electrodes, their conduc-
tivity was evaluated under strains along two orthogonal axes.
For a design with L/W = 1 (Figure 2C), the relative resistance
experienced little variation when 0%-50% strain was applied
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along orthogonal axes. The uniform behavior when the micro/
nanostructured gold films are stretched biaxially suggests that
they could be attractive as electrodes attached to the surface of
inflatable devices (e.g., balloon catheters).?

To understand the stretching mechanics of micro/nano-
structured Au/PDMS electrodes, their surfaces were imaged
under strain. From reflected and transmitted light microscopy
images (Figure 2D), it can be seen that the wrinkles on the
structured gold films contribute to their enhanced stretchability
in two ways. First, the wrinkles unfold as the film is stretched,
which maintains the integrity of the film by keeping the tensile
stress low. Second, the cracks that originate from the weakest
points or defects on the film extend along the wrinkles as the
strain increases. The random orientation of the wrinkles pre-
vents cracks from propagating across the film and minimizes
the loss of conductivity. Finally, micro/nanostructure size and
periodicity do not impact film stretchability and conductivity, as
shown by electrodes fabricated from films with different thick-
nesses (Figure S4, Supporting Information). These experiments
show that the stretchability of structured electrodes derives
from features produced during the shrinking process, and
hints at alternative methods that exploit surface structuring for
the fabrication of flexible devices.

The implementation of flexible electronics also requires
that the conductivity be reproducible under stretching and
bending. To assess reproducibility, changes in resistance were

Adv. Electron. Mater. 2016, 2, 1500345
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Figure 2. Stretchability and mechanism. A) Relative resistance change measurement under various strains for stretchable electrodes on PDMS sub-
strates with L/W = 3 (black square, W =2 mm), 5 (red circle, W = 0.8 mm), and 7.5 (blue triangle, W = 0.8 mm). Top inset graph shows typical -V
curves where resistance was extracted for gold electrodes (L/W = 5) under 0%, 50%, 100% strains and when PDMS broke. Bottom inset photos show
the two-probe measurement for a gold electrode/PDMS device under 0%, 50%, and 100% stretching strain, respectively. B) Relative resistance change
measurement under various strains for gold electrode (L/W =3, W =2 mm) on Ecoflex substrate. The electrode lost conductivity at 135% strain. Insets
represent |-V curves for gold electrode stretched on Ecoflex at 0%, 50%, 100%, 130%, and 135% strain (conductivity broke). C) Biaxial stretchability. The
relative resistance change shows the same trend when Au/PDMS device was stretched along two orthogonal axes, indicating similar electric properties
of both axes. Inset is a photo of flower-shaped Au film on PDMS at 0% strain for biaxial stretching measurement. D) Optical images show gold film
morphology change during the stretching process. The top row shows reflected (left panels) and transmitted light (right panels) images that reveal
the unwrinkling and cracking process of the gold film. The scale bar in this image is 500 pm. The areas confined with blue (reflected light) and red
(transmitted light) squares were zoomed into for clearer observation. The reflected light images (middle row, blue) reveal the unwrinkling of surface

features when tensile stress (0%, 40%, 100%) is applied. On the other hand, the transmitted light images (bottom row, red) show the evolution of
defects or cracks in the gold film as tensile stress (0%, 40%, 100%) is applied.

measured for Au/elastomer devices (W = 0.8 mm, L/W = 7.5)
over 100 stretching and bending cycles. On PDMS, the resist-
ance measurements were done at 0% and 50% strain (Figure 3A).
Over the first two cycles, resistance increased slightly at 50%
strain, which was attributed to the development of the neces-
sary cracks to relieve tensile strain. After the initial “condi-
tioning” of the electrodes, resistance remained constant for
the stretched and relaxed states. Similarly, Ecoflex devices were
tested at 0% and 100% strain (Figure 3B), where the relative
resistance under strain remained constant at 1.4 for the first
20 cycles, and increased to 2.1 over the next 80 cycles. This
increase is attributed to partial delamination due to the weaker
adhesion of the structured film to Ecoflex. It must be noted,
however, that the increase is among the lowest reported in the
literature for metallic film or nanostructure-based stretchable
conductors.”>?%l To determine if electrodes stretched beyond
their break point could recover conductivity upon relaxation, we
measured the resistance for Au/Ecoflex devices released from
150% strain (beyond conductivity break point, Figure 3C). No
significant change occurred until after the 80th cycle and the

Adv. Electron. Mater. 2016, 2, 1500345

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

relative resistance only increased to 1.45 through the 100th
cycle. Similar behavior was observed for a device stretched to
100% strain (Figure 3B), which indicates that the Au/Ecoflex
electrodes remain conductive but exhibit slight degradation
after =80 cycles.

The reproducibility in conductivity of Au/PDMS structured
electrodes after bending was also investigated. Bending was
performed by wrapping the Au/PDMS device around a Teflon
mold with known radius of curvature (Figure 3C, r = 5, 2.5,
or 1 mm, corresponding to tensile strains at the film of 12%,
24%, or 60%, respectively) and releasing it, after which the
resistance was measured. Figure 3C shows the relative resist-
ance of Au/PDMS electrodes (W = 0.8 mm, L/W = 7.5) over
100 bend and release cycles. Even for the highest strain (60%,
r =1 mm) the conductivity fully recovered after the release,
and remained unchanged over 100 cycles. These results, cou-
pled with those from stretching experiments, showcase the
robustness of the micro/nanostructured electrodes, which
retain excellent conductivity over repeated stretching and
bending cycles.
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Figure 3. Stretching and bending reproducibility. A) Relative resistance
of an Au/PDMS electrode (W = 0.8 mm, L/W = 7.5) stretched from 0%
to 50% strain over 100 stretching cycles. Inset photos show the device
at 0% (black, left inset photo) and 50% strain (red, right inset photo).
B) Relative resistance of Au/Ecoflex electrode (W =2 mm, L/W = 3) over
100 stretching cycles from 0% (black, left inset photo) to 100% (red,
middle inset photo) strain, as well as relative resistance of devices after
being stretched beyond their conductivity break point (=150% strain)
and released back to 0% strain (green, right inset photo). C) Relative
resistance of Au/PDMS electrodes (W = 0.8 mm, L/W = 7.5) released
after being bent to 12% (black, left inset photo), 24% (red, middle inset
photo), and 60% (green, right inset photo) bending strains. Inset photos
show the electrode bent along holders with radii of 5 (black), 2.5 (red),
and 1 mm (green). Each stretching and bending test was performed with
three replicate electrodes.
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As proof-of-concept of the use of structured gold films as
conductive elements in functional devices, they were used
as flexible electrodes for electrochemical sensing. First,
cyclic voltammetry (CV) was used to measure the electro-
active surface area (ESA) of devices at different fabrication
stages: planar films on PS, structured films after shrinking,
free-standing structured films after lift-off, and struc-
tured films transferred onto PDMS (Figure 4A). CV was
performed using the films as the working electrode in a
three-electrode electrochemical cell (Figure 4B, inset). The
voltammograms displayed well-defined peaks associated
with the oxidation/reduction of the gold surface. By quan-
tifying the total charge transferred, the ESA of each film
was assessed. Structured films on PS exhibited an increase
in ESA (=520%) that is consistent with the reduction in the
device footprint produced through shrinking. After lift-
off, the ESA of the free standing films increased by 80%.
This was less than the 100% increase expected, which was
attributed to photoresist or polystyrene residues left on the
backside of the film after lift-off (Figure S5, Supporting
Information). Conversely, the ESA of films transferred onto
PDMS was statistically equal to that of the films before lift-
off. This showed that the surface of the structured films
transferred onto PDMS substrates was not damaged by
the fabrication procedure and could be suitable for electro-
chemical measurements.

Structured Au/PDMS electrodes were used for electrochem-
ical sensing with and without external bending strain. A circular
working electrode and two arc-shaped counter electrodes were
fabricated on PDMS (Figure 4B, inset photo) and an external
Ag/AgCl electrode was used as reference. Chronoamperometry
was used to assess the electrodes’ response to different concen-
trations of redox-active molecules (ferrocyanide and ascorbic
acid (AA)) in aqueous solutions. In all electrochemical-sensing
experiments, the current was normalized to the current meas-
ured for the highest concentration, to account for any device-
to-device variability. Figure 4B shows that current is linearly
proportional to ferrocyanide concentrations from 50 x 107 m
to 100 x 1073 m for electrodes under 0% and 30% bending
strain, where they also exhibited similar performance and
limit of detection (50 x 107 m). With a geometric area of the
structured electrode of 0.196 cm?, the sensitivity was calculated
to be 0.05 x 107 m! cm™ for relaxed and strained sensors.
We further investigated the electrode response to temporal
changes in AA concentration. Figure 4C shows typical chrono-
amperograms for structured gold electrodes (held at a constant
potential of 0.4 V) in response to temporal increases of AA
concentration. AA calibration curves constructed from three
replicate devices show excellent linearity in the 10 x 107 m
-5 X 103 M concentration range for relaxed (/I =
0.2027 X Cpp + 5 X 107, R? = 0.9999) and strained electrodes
(I Lpax = 0.2007 X Cap + 0.0034, R? = 0.9994). Furthermore, the
relaxed and bent devices had identical limit of detection (20 X
1076 m), while strain caused only a 1% decrease in sensitivity
(from 1.03 M! cm™ for relaxed to 1.02 x 102 m™! cm™? for
strained devices). These results show that the structured elec-
trodes are suitable for applications where flexibility or stretch-
ability of the conductive elements is required, such as in flex-
ible electrochemical sensors.

Adv. Electron. Mater. 2016, 2, 1500345
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Figure 4. Electrochemical characterization and sensing. A) Electroactive surface area measurement through cyclic voltammetry for planar gold films,
structured gold films on polystyrene, structured gold films after transfer onto PDMS, and structured free-standing gold films. Inset graph is a com-
parison of cyclic voltammograms of each type of samples obtained in 0.05 m acid solutions. B) Calibration curves of response current over potassium
ferrocyanide concentration in chronoamperometric measurements performed with unbent (0% strain) and bent (30% strain) Au/PDMS sensing
devices. C) Typical amperometric curves of unbent (0% strain) and bent (30% strain) sensors to successive addition of ascorbic acid (final concentra-
tions from 1 pm to 5 x 1073m) in 0.02 m phosphate buffer solution (pH 7.0) at a constant applied potential of 0.4 V. D) Calibration curves of the current
response over ascorbic acid concentration for both unbent and bent (30% strain) devices. Error bars represent the standard deviation of measurements

performed on a minimum of at least three using different devices.

In conclusion, we have demonstrated a simple, rapid, and
inexpensive technique to fabricate highly stretchable micro/
nanostructured metal electrodes. By combining shape-memory
polymer shrinking and thin film lift-off, we successfully fabri-
cated and transferred micro/nanostructured gold electrodes
onto stretchable elastomeric substrates. Little change was
observed in the conductive properties of Au/PDMS devices
under strain until the substrate mechanically failed, while the
Au/Ecoflex devices remained conductive up to 135% strain.
Furthermore, the structured electrodes showed uniform
properties when stretched along two orthogonal axes. It was
observed that the micro/nanostructured surface contributed to
the stretchability of the electrodes in two ways: releasing tensile
stress by unfolding of the wrinkles and preventing crack prop-
agation by the random orientation of the wrinkles. The struc-
tured electrodes also displayed resilience to bending strains, as
demonstrated by the complete recovery of their initial conduc-
tivity from tensile strains of up to 60%. Finally, the structured
electrodes also proved to be candidates for flexible electrochem-
ical sensors, as they performed very similarly in the detection
of redox active molecules with and without applied strain. We
anticipate that such micro/nanostructured electrodes could
find use as conductive elements in flexible, stretchable, and/or
inflatable electronics and sensors.

Adv. Electron. Mater. 2016, 2, 1500345
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Experimental Section

Pre-stressed polystyrene films (Graphix Shrink Film, Graphix, Maple
Heights, Ohio) were cleaned and spin coated with positive photoresist
of thicknesses ranging from 100 to 1.8 ym. After being heated at 90 °C
for 3 min to remove residual solvent, the sheets were covered with self-
adhesive vinyl (FDC-4300, FDC graphic films, South Bend, Indiana), and
the desired shapes were cut out using a vinyl cutter (Robo Pro CE5000-
40-CRP, Graphtec America Inc., Irvine, California). Gold was deposited
from 99.999% purity gold target (LTS Chemical Inc., Chestnut Ridge,
New York) using a Torr Compact Research Coater CRC-600 manual
planar magnetron sputtering system (New Windsor, New York) onto
the masked shrink film. After removing the vinyl mask, gold coated
polystyrene films were shrunk at 160 °C. The metal films were lifted
off from the substrates by dissolving the photoresist in acetone. The
lifted-off gold films were then washed and transferred onto partially
cured silicone elastomers, Sylgard-184 PDMS and Ecoflex rubber,
which were then cured to completion. Addition of methanol helped to
overcome the electrostatic repulsion between PDMS and gold surfaces,
thus making it easier to lay down the structured gold films.

The surface morphology of the gold thin films before and after
lift-off was characterized using a JEOL JSM-7000S Scanning Electron
Microscope with an accelerating voltage of 2.5 kV, working distance of
6 mm, and low probe current. An estimate of surface roughness by the
root mean square (RMS) and peak-to-valley (PV) values was obtained
using a Zygo NewView 5000 white light interferometry microscope
(Zygo Corporation, Middlefield, Connecticut). The electrochemically
active surface area of the gold films before shrinking, after shrinking on
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polystyrene, and transferred onto PDMS, was measured by CV using a
CHI 660D Electrochemical Workstation (CH Instrument, Austin, Texas).
A standard three-electrode setup was used for electrochemical sensing,
with the fabricated structured electrodes as working and counter
electrodes, and an Ag/AgCl electrode as reference electrode. CV scans
were performed in 0.05 M H,SO, at a scan rate of 0.1 V-' s7' and a
voltage range between 0 and 1.5 V. Self-adhesive vinyl films with a single
0.5 cm by 0.5 cm square cut out were used as masks to expose the same
geometric surface area (0.25 cm?) of the gold films. The reduction peak
of the resulting cyclic voltammograms was integrated to determine the
charge and the electrochemically active surface area was calculated
(Surface area = charge/surface charge density) using the surface charge
density of a monolayer of gold, 386 uC cm=2.

2-probe resistance measurements were performed on gold film
electrodes using a source picoammeter (Model 2450, Keithley
Instruments, Cleveland, Ohio). A droplet of eutectic gallium-indium
(EGAIn, Sigma-Aldrich, St. Louis, Missouri) was used to create better
contact between the Pt-wire probes and the structured gold films. The
source voltage was swept linearly from 0 to 100 mV in 10 mV steps,
and the resulting current was measured. |-V curves were recorded, and
resistance R was extracted using R = AV/Al. The Au/PDMS and Au/
Ecoflex electrodes were stretched on a home-built stretcher in 5% strain
increments and resistance was measured at each strain level. The film
resistance was obtained at 3—6 probe positions and compared across
a minimum of three replicate devices. Bending measurements were
carried out using custom machined Teflon holders with radii of 5, 2.5,
and 1 mm. Resistance was measured over 100 cycles of stretching and
bending. The stretching process of micro/nanostructured gold film was
imaged using Nikon Eclipse LV1I00N POL epifluorescence microscope
(Nikon Instruments, Mississauga, Ontario) equipped with a Nikon
4x/0.10NA objective. Reflected and transmitted light images were taken
from the gold electrode while it was being stretched from 0% to 100%
strain at a 10% strain interval. All these images were acquired with an
Infinity 1 color camera (Lumenera, Ottawa, Ontario) and recorded with
Infinity Capture software (Lumenera).

The flexible electrodes were used as working and counter electrodes
to detect concentrations of potassium ferrocyanide and ascorbic acid
electrochemically. An Ag/AgCl electrode was used as reference electrode
in a three-electrode system. K Fe(CN)g solutions from 50 x 107 m to
100 x 10~% m were measured by chronoamperometry at a fixed potential
of 0.5 V for 1's. 1 m KCl was used as the supporting electrolyte. For AA
detection, all chronoamperometric measurements were performed at
0.4 Vin 1 x PBS (100 x 1073 m, pH = 7.4). The transient background
current was allowed to decay to a steady-state value before the addition
of AA from 1 x 107® m to 5 x 1073 m. The solution was stirred to provide
convective transport.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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