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ABSTRACT: Flexible resistive strain sensors have been fabri-
cated by micromolding Pd alkanethiolate on polyimide sub-
strates and subjecting to thermolysis in air. Thus produced
stripes were ~1 um wide with spacing of ~0.5 um and
contained Pd nanoparticles in carbon matrix. The nanoparticle
size and the nature of carbon are much dependent on the
thermolysis temperature as is also the resistance of the micro-
stripes. Generally, lower thermolysis temperatures (<230 °C)
produced stripes containing small Pd nanoparticles with sig-
nificant fraction of carbon from the precursor decomposition.
The stripes were poorly conducting yet interestingly, exhibited
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change of resistance under tensile and compressive strain. Particularly noteworthy are the stripes produced from 195 °C thermolysis,
which showed a high gauge factor of ~390 with strain sensitivity, 0.09%. With molding at 230 °C, the stripes obtained were highly
conducting, and amazingly did not change the resistance with strain even after several bending cycles. The latter are ideal as flexible
conduits and interconnects. Thus, the article reports a method of producing flexible sensitive strain sensors on one hand and on the
other, flexible conduits with unchanging resistance, merely by fine-tuning the precursor decomposition under the molding

conditions.
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B INTRODUCTION

Flexible electronics, in contrast to conventional electronics,
make use of material components with a wide range of response
to bending, stretching, or twisting; they either respond sensitively
or strive to remain constant." Although those responding are to
be found in device parts such as touch screen, the latter are
important in conduits and interconnects. In a laboratory setting,
the strain gauge factor distinguishes the two performances. The
gauge factor for a resistive sensor is the relative change in its
resistance divided by the strain applied.” Obviously in a flexible
circuit, the conduits and interconnects are expected to exhibit
near zero gauge factor over repeated bending, unlike user inter-
face components for which high gauge factors are desirable.*
The literature is abundant with examples of both classes of
materials. Based on constant resistance interconnects, Rogers
and co-workers fabricated foldable inorganic light emitting diodes
on a PET substrate capable of functioning at bent radii down to
0.7 mm with no change in 6performance.5 Likewise, GaN high
electron mobility transistors,” graphene FETs,’GaAs MESFETSs,?
solar cells,”*° photodetectors,11 resistance switching memory
devices,'* nanogenerators,">'* ultrahigh frequency electronics,"
etc., have been fabricated on flexible substrates. Stretchable and
transparent carbon nanotube thin films have been fabricated that
sustain extremely large strains.'® Transparent conducting elec-
trodes for organic solar photovoltaics have been made using
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graphene on a PET substrate where, the conductance of the
electrodes decreased by only 7.9% after 100 bending cycles."”
Various semiconductor nanostructures have also been explored
for the purpose of high performance flexible electronics.'®
Controlling the buckling of Si nanowires, stretchable conduits
were realized.'”

The sensors with high strain gauge factors are important in
flexible electronics as well as in stand-alone devices. The latter
have been in use for structural health monitoring® of critical
infrastructures—highways, buildings, bridges, aircraft, ships, and
pipelines, particularly during earthquakes, hurricanes, and other
natural disasters. As regards resistive sensors (capacitive sensors
and optical sensors being examples of other types of strain
sensors), thin metal films have served as strain gauges for
decades,”" and recently bimetal alloys (e.g,, Ni—Ag,** Ni—Cr**)
have replaced them for want of better adherence and corrosion
resistance. Fiber-concrete composites®* are yet another class of
strain sensors. Microcrystalline and amorphous Si strain sensors
are also well-known.”> Conducting polymer based sensors have
been developed26 and in another example, conductive-polymer
strain sensors for touch input sheets have been fabricated which
are sensitive to bending radius of 20 mm.>” In this context, several
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Figure 1. (a) Schematic showing direct micromolding of Pd hexade-
cylthiolate onto a polyimide substrate. (b) SEM image of the formed
stripes on polyimide substrate. (c) Optical image of the Pd u-stripes
across the Au electrodes. (d) Photograph of the device used for bending
experiments. The color from diffraction of ambient light by the u-stripes
may be seen.

nanomaterials are being projected for highly sensitive sensors.
Single ZnO nanowire,” single-walled carbon nanotubes,*® net-
worked Au nanoparticle coatings,”” self-assembled monolayers
of nanoparticles,””*! have served as sensor elements. Bridging
ZnO nanorods into circuits, strain driven transistors have been
fabricated with high on—off ratios particularly at strains >1.4%.%*
ZnO embedded paper composite is shown to work as strain
sensor with a gauge factor of ~21.>> Here, we report the
fabrication and performance of Pd nanoparticle based micro-
(u)-stripes patterned directly on a flexible substrate, which based
on the heat treatment employed during patterning, serve as
highly sensitive strain sensor or as reliable conduits. Previously,
we have reported a method of molding metallic Pd #-stripes and
nanowires onto flat rigid substrates such as Si, by direct micro-
molding in capillaries.”* In the present work, we have molded the
Pd nanoparticle stripes on a flexible polyimide substrate under
varying thermolysis conditions, in order to realize the strain
sensing action. Thus produced sensor device is highly sensitive
and reasonably transparent.

B RESULTS AND DISCUSSION

Pd u-stripes were patterned onto a flexible polyimide substrate
by direct micromolding. Pd hexadecylthiolate in toluene
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Figure 2. Digital photographs of the device with Pd u-stripes
(thermolysis temperature, 195 °C) under (a) tension and (b) compres-
sion. One end of the device was moved with the aid of a screw gauge (see
Figure 1d), whereas the other end was held fixed. (c) Variation in
resistance with bend radius during tension and compression. (d)
Normalized change in resistance as a function of strain. The % strain
(&) was calculated as & = d/2r,”® d being the substrate thickness and r the
radius of curvature.

(10 mM) served as a precursor for molding using a polydi-
methylsiloxane (PDMS) stamp (see scheme in Figure 1a), which
upon thermolysis at 195 °C led to nanocrystalline Pd u-stripes
inside the microchannels (nanoparticle size, 8 £ 2 nm, see the
Supporting Information, Figure S1). As is well-known, polyimide
can easily withstand such temperatures without losing its
flexibility.>> Although the thermolysis of the precursor is ex-
pected to remove the hydrocarbon by desorption,*® depending
on the temperature, some amount of carbon is usually left behind
(see the Supporting Information, Table S1). For the 195 °C
treatment, it is as high as 58.6 at %. In this sense, the Pd y-stripes
are nanocomposites of Pd nanoparticles in carbon matrix (vide
infra). The formed u-stripes were ~1.1 ym wide with a spacing
of ~400 nm, in conformity with the PDMS mold (Figure 1b).
A pair of Au electrodes was deposited onto the y-stripes by shadow
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Figure 3. Pd u-stripes obtained from 230 °C thermolysis exhibiting
near constant resistance (a) for different bend radii under tension and
compression and (b) over many cycles at a tensile bend radius of 1.1 cm.
The error bars stands for the changes in the resistance value during the
measurement.

masking such that as many as ~7500 stripes ran perpendicular to
the 6 um gap (Figure 1c). Figure 1d shows a photograph of the
fabricated flexible strain sensor device with u-stripes exhibiting
brilliant colors in ambient light because of diftraction.

The resistance of the sensor device was measured in the
ambient at room temperature for varying bent radius, under both
tension and compression (Figures 2a and b). With the device
held flat, the collective resistance of the stripes was 4.34 MQ.
When the p-stripes were subjected to tensile strain (Figure 2a),
with the bending radius decreasing from e (flat) to below 0.5 cm,
the resistance of the device gradually increased to 6.82 M, as
shown in Figure 2¢. On the other hand, under compressive strain,
the resistance of the device decreased gradually to 2.48 M2 also
shown in Figure 2c. The release of either strain brought the
device back to its original flat position with characteristic
resistance. The change in resistance expressed as normalized
values are shown in Figure 2d against % strain for the y-stripes
obtained by thermolysis at 195 °C. The slope of the plot is the
gauge factor that defines the performance of the sensor device.
For the data shown in Figure 2d, the gauge factor was estimated
to be ~390 for tensile strain and ~249 for compressive strain,
which are commendable values. The gauge factor values obtained
from the u-stripes are considerably higher compared to conven-
tional metal and alloy strain gauges (1—5). Further, the sensor is
remarkably sensitive to even small strains like ~0.09%. Low
temperature conductance measurements revealed the activation
energy for the transport to be ~25 meV (see the Supporting
Information, Figure S2). This value is in line with the activation
energies obtained for metal-containing diamond-like-carbon
films.*”

Here we relate the results obtained for sensors produced with
different thermolysis temperature. Higher temperatures
(230—250 °C) produce metallic stripes** with conductivity close
to that of the bulk Pd, with only a little carbon left behind (see the
Supporting Information, Table S1, and ref 34). When molding
was carried out on the flexible substrate, the obtained stripes were
metallic as expected but interestingly, showed no response to
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Figure 4. (a) Strain sensor base resistance (resistance while being flat)
vs Pd particle size in y-stripes. (b) Gauge factor as a function of the base
resistance of Pd u-stripes. The thermolysis temperatures used for
producing the stripes are indicated alongside (time, 30 min). Three
data points (squares) in (b) refer to thermolysis at 195 °C for 60, 90, and
120 min.

bending. Indeed, with either strain, the resistance remained
nearly constant at its base value (19.4 £ 0.2 Q) (Figure 3a).
Interestingly, the u-stripes were stable even after 100 cycles of
bending (Figure 3b). This observation is well contrasting with
the sensor action shown in Figure 2.

We have observed in separate experiments that the stripes
produced with thermolysis temperatures in the range
195—230 °C were poorly conducting and exhibited little re-
sponse to strain (see the Supporting Information, Figure S3).
The stripes obtained from a 180 °C treatment were not only
highly insulating but also were poorly sensing the strain (see the
Supporting Information, Figure S4). These results are shown in
Figure 4 and discussed below.

As shown in Figures 2 and 3, the temperature of thermolysis
decides the electrical property of the u-stripes and thus the
sensing ability. Thermolysis influences the constitution of the
U-stripe in two ways, namely, the Pd nanoparticle size and the
nature of the carbon matrix that is left behind after thermolysis.
The decomposition of Pd thiolate®® occurs by reductive elimina-
tion of thiol molecules leaving behind Pd as revealed by
thermogravimetric analysis (see Figure SS in the Supporting
Information). The thiol molecules essentially undergo homolytic
dissociation and desorb as disulfide molecules.*® However, when
the temperature is not high enough, partial decomposition may
be expected where Pd nanoparticles are to be found amidst
carbonaceous species, as shown by Raman measurements as well
as by SEM and STEM (see Figure S6 in the Supporting
Information). Thus at 195 °C, only small nanoparticles are
produced (~6—10 nm, see the Supporting Information ,Figure S1).
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Figure 5. Schematic showing the Pd nanoparticle environment in the
U-stripes patterned on a polyimide shown on flat and bent substrates.
Lower thermolysis results in smaller Pd particles surrounded with less
conducting carbon species. Although there may be higher number of
conducting paths (shown by white arrow), they easily break open under
tensile strain. The opposite situation may be considered for compression
strain. Higher thermolysis temperatures give rise to bigger particles with
well-conducting carbon. In this case, the conducting paths are less
affected during strain.

There is discernible contrast between SEM and STEM images
from this sample, although individual nanoparticles could not
be made out in carbon matrix due to the small size (see the
Supporting Information, Figure S6b, c). Further, at this tem-
perature the hydrocarbon decomposition appears to be incom-
plete and as a result, the overall carbon content remains
comparable to the precursor state itself (58.6 at %, see the
Supporting Information, Table S1). As seen from the Raman
spectrum (see the Supporting Information, Figure S6a), there is
considerable intensity associated with the D-band, related to the
degree of disorder from the sp>-hybridized carbon®**® which is
essentially nonconducting. The particle size increased dramati-
cally with the thermolysis temperature while the resistance of the
stripes decreased (Figure 4a). Thus, the u-stripes exhibit a wide
range of resistance depending on the thermolysis temperature.
The stripes resulting from the 230 °C thermolysis are essentially
metallic (~19.3 Q, Figure 2d) and exhibited no change in
resistance with change in bend radius which means that the
gauge factor is zero in this case. These properties owe much to
the bigger Pd nanoparticles (~20—30 nm, see the Supporting
Information, Figure SI) and less carbon (37.7 at %), a good
fraction of it being sp” as evident from the Raman data (see the
Supporting Information, Figure S6a). The intensity increase of
the G peak originates from the formation of conductive sp”
carbon atoms resulting in higher conductivity.** The presence of
carbon around the Pd nanoparticles is clearly seen from the
STEM images (see the Supporting Information, Figure S6d).
This is also evident in the case of 210 °C treated sample (see the
Supporting Information, Figure S7).

The stripes resulting from the 210 °C thermolysis exhibit a
slightly higher resistance (20 k2) than those obtained from
230 °C thermolysis, as the metal particles are relatively smaller,
~8 16 nm (see Figure 4a). The surrounding carbon may be less
sp” in nature. Interestingly, the applied strain has only little
influence on their resistance with the estimated gauge factor of
0.11 (see Figure 4b). The thermolysis time also seems to have an
influence of the particle size and the nature of carbon (see square
data points in Figure 4b). Among the different samples, when the
time duration was increased from 30 min to 60, 90, and 120 min

at 195 °C, the base resistance decreased to 49.3, 35.0, and
0.39 kQ, respectively, with corresponding gauge factors of 59,
29, and 0.1. Given the constitution of these u-stripes, the strain
seems to induce a change in the electronic coupling between the
nanoparticles. With the u-stripes obtained from the 195 °C
thermolysis, the scenario is so well set with the nanoparticle size
and the nature and content of carbon that the electronic coupling
becomes most sensitive to any tiny change in the nanoparticle
environment (see schematic illustration in Figure S). This is
relatively more expressed in the tensile strain as the nanoparticles
move away from each other and the coupling becomes weaker. In
the compressive regime, the nanoparticles are forced to come
closer, which because of the surrounding carbon matrix is
hindered more so at very short distances. This observation is in
line with Vossmeyer et al,”® who found that the tensile strain
brought larger changes in resistance than compressive strain in
the case of Au nanoparticle networks. This was attributed to the
dislocations which are produced when the interparticle distance
can no longer be buffered by the organic material between the
metal cores. Steric repulsion and other interactions may dom-
inate this regime. If the base resistance becomes even higher as in
the case of stripes resulting from 180 °C (see Figure 4), the
interparticle coupling is nearly lost making the sensing action less
effective, as the particle size for this sample is much smaller,
~2 % 1 nm (see TEM image in Figure Slc in the Supporting
Information). The results presented here may be compared with
a strain sensor from the literature which was based on tungsten
nanoparticles embedded in amorphous carbon.*' In the latter,
decreasing metal density of nanoparticles led to an increase in the
gauge factor, the maximum value being 30. Another important
aspect is the pu-stripe/electrode interface. In a strain sensor,
ohmic contact of the electrodes with sensing elements is highly
desirable® so that the observed changes in resistance arise mainly
from the sensing element without the influence of the contacts.
In our case, i.e., Pd u-stripes, the linear I—V characteristics (see
the Supporting Information, Figure S8) obtained are typical of an
ohmic contact. In the case of sample treated at 230 °C, which led
to highly conducting Pd y-stripes (results shown in Figure 3), the
resistance did not change with bending, the standard deviation
being less than ~0.2 Q for different bend radii (Figure 3a),
clearly indicating the reliability of the contacts. As the Au
electrodes were made by the same method in all cases (by ther-
mal evaporation of Au onto the stripes), the contacts should be
similar in all cases.

Instead of u-stripes, films derived from thermolysis at
195 °C have been tried out (see Figure S9 in the Supporting
Information). Although the film exhibited a comparable resis-
tance value as the u-stripes, the obtained gauge factor was way
below (0.1). This observation emphasizes the importance of
molding the sensor element in the form of u-stripes. The
confinement of the material in the latter perhaps leads to a better
translation of the strain into change in resistance. The summary
of the strain sensors fabricated in the present study is given in
Table 1.

Table 2 lists the performance parameters of typical strain
sensors reported in the literature. For example, a strain sensor
based on a single SWNT exhibited gauge factor of 269 at a
working voltage of 5 V.*® ZnO nanorod -based strain sensor with
very hlgh gauge factor was found to operate at 2 V (see
Table 2).** In contrast, the sensor reported in this study typically
works at 0.2 V. The fabrication process is also of course much
simpler. Another noteworthy feature is that the temperature
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Table 1. Summary of Strain Sensors Fabricated in the Present Study (Thermolysis time is fixed to be 30 min unless mentioned)

S. no. thermolysis temperature (°C) particle size (nm) base resistance (L) gauge factor

1 180 2 15.68M 176

2 30 min 8 4.34M 390

3 60 min 49.3K 59

4 195 90 min 3SK 29

S 120 min 393 0.1

6 210 12 29.5K 0.11

7 230 25 19.3 0

Table 2. Comparative Study of Typical Two-Terminal Strain Gauge Sensors Reported in the Literature
material maximum working range of strain (%) gauge factor operating voltage/range (V) ref

Ni wire (commercial) 0.15 ~2 43
Piezoresistive doped nanocrystalline Si 0.2 30 S 44
Si nanowire 3 ~ 20 ~3 EN
ZnO nanowire 12 1250 ~2 3
ZnO nanorod 1.4 6.7 x 10° 2 32
Piezoresistive carbon filament 1.5 ~ 10 ~24 46
MWCNT/epoxy composite 2 ~75 10 47
SWNT 0.08 210 0.0S 48
SWNT 0.24 269 N 28
Pd u-stripes 0.22 390 0.2 present work

coefficient of resistance for our sensor (see the Supporting
Information, Figure S10) is around 0.00228 K, lower than
the bulk Pd (0.00572 K~ '). Thus, temperature variations in the
ambient will have little effect on the performance of the sensor.

In conclusion, the above study has shown how a practically
useful strain gauge sensor may be produced based on Pd y-stripe
grating structures.*” The merit lies in the simple process of direct
micromolding with well controlled electrical properties which in
turn give a control on the gauge factor itself. Here, the decom-
position chemistry of the Pd alkanethiolate precursor plays a key
role. By thermolysing the molded stripes at 230 °C, we have been
able to produce well-conducting Pd u-stripes (zero gauge factor)
which are robust and can withstand bending over many cycles
with resistance unchanged. This corresponds to a situation where
the Pd nanoparticles are well coupled with little carbon around.
Such highly conducting stripes may find applications as flexible
electrodes. By thermolysing at 195 °C on the other hand, we have
produced high-resistance stripes with gauge factor greater than
~300. The sensor action is primarily derived from the changing
coupling between the Pd nanoparticles in the carbon matrix. The
confinement of the materials in the form of u-stripes seems
important; a film obtained under similar thermolysis conditions,
shows only a small gauge factor (0.1). Clearly, the strain sensor
reported here is comparable to the existing commercial metallic
strain gauges in terms of working range of strains, and superior in
terms of the gauge factor. Comparing with the sensors based on
nanomaterials, the employed fabrication process is much simpler
and inexpensive (see the Supporting Information, Figure S11)
and requires neither high-temperature processing nor sophisti-
cated equipment. Thus, it is a direct, single-step, solution-based
process with good control over the electronic property of the
strain sensor element. As the sensor is highly flexible, it can easily
adapt to any surface topology and the base resistance may

be redefined for the assumed shape. Further, the substrate
(polyimide) with the u-stripe grating structure on top possesses
favorable transparency in the visible range (see dashed square regions
in the abstract graphic). A strain sensor being transparent may offer
additional advantages, particularly in transparent electronics.

B EXPERIMENTAL SECTION

PDMS stamps were fabricated by replica molding on a
commercially available compact disk (Sony CD-R). PDMS was
prepared by mixing Sylgard 184 curing agent (Dow Corning)
and its elastomer in the ratio of 1:10. The mixture was then
degassed under a vacuum for 30 min. PDMS was poured onto the
master (CD) and then cured in an oven at 60 °C overnight.
PDMS stamps were cleaned using hexane and sonicated in
ethanol to remove any uncured oligomers. The resulting stamp
hosted relief features of width 505 nm with intermediate
channels of 950 nm width. A flexible polyimide (~20 yum thick)
was used as a substrate for molding Pd u-stripes. Polyimide was
cleaned by sonicating in acetone, isopropyl alcohol and double-
distilled water and dried under flowing argon. The synthesis
procedure for the precursor, Pd hexadecylthiolate, Pd(SC,¢Hss)-,
is reported elsewhere.*® Approximately 60 uL of the precursor
solution (10 mM in toluene) was dropped at one edge of the
stamp kept on the substrate to fill the channels spontaneously by
capillary action. The set up was gradually heated on a hot plate to
reach the desired temperature (180, 195,210, or 230 °C) and was
held for 30 min. Following cooling to room temperature, the
stamp was removed leaving behind the patterns on the substrate.
The patterned substrates were examined using a Nova NanoSEM
600 instrument (FEI Co., The Netherlands). Au contact pads
were deposited using a shadow mask of 6 m width. The resistive
evaporation was done using a thin film deposition system
(HindHi Vac., Bangalore) at a base pressure of 1 X 10~¢ Torr.

2177 dx.doi.org/10.1021/am2002873 |ACS Appl. Mater. Interfaces 2011, 3,2173-2178



ACS Applied Materials & Interfaces

Metallic contacts were drawn from the Au pads using silver epoxy
(SPI suppliers, USA) and the resistance measurements were
done using a digital multimeter (TestLink) with computer
control.

B ASSOCIATED CONTENT

© supporting Information. (1) TEM images of Pd nano-
particles, (2) Table showing carbon content among various
samples thermolyzed at different temperatures, (3) Raman
spectra of the carbon matrix, (4) strain sensing results from the
control experiment of thermolyzed Pd film. This material is
available free of charge via the Internet at http://pubs.acs.org/.
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