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Flexible substrates for sensing provide adaptable, lightweight, and highly sensitive platforms for detecting
different substances. The flexibility of these substrates allows for seamless integration with complex
shapes and dynamic surfaces, enabling monitoring in challenging conditions using methods such as
surface-enhanced Raman spectroscopy (SERS). Here we outline a flexible metamaterial array sensor
formed from plasmonic silver-coated nanoimprinted piezoelectric polyvinylidene fluoride film. We show
that nanoscale array features can be prepared on the surface of the piezoelectric film using a facile
nanoimprinting procedure. These nanoimprinted features act as polarization channels that enable
plasmonic resonances, enhancing the SERS signal strength and improving reproducibility. We combine
this effect with the inherent piezoelectric properties of polyvinylidene fluoride to further enhance the
Our
enhancement of the SERS signal when probed at a wavelength of 532 nm, achieving over an order of
magnitude increase in signal strength for a range of analytes. This lightweight and flexible SERS substrate
holds significant potential for applications in medical diagnostics, environmental monitoring, and trace

Raman signal strength upon mechanical deformation. results demonstrate a significant
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Introduction

Smart materials have properties that can change in response to
external stimuli such as temperature, pressure, electric field,
frequency, and other environmental factors."” This ability to
respond to various stimuli allows for fine-tuning of their func-
tional properties, making them versatile for a wide range of
applications. An example of such materials is the organic
polymer polyvinylidene fluoride (PVDF), which can generate an
electric charge under mechanical stress, exhibiting piezoelectric
properties.>* These responsive characteristics have potential
applications in the design of lightweight and flexible elec-
tronics, sensors, and energy harvesting devices.”® Recent
advancements in the field have highlighted the growing role of
piezoelectric materials in enhancing sensor performance and
sensitivity.” These studies have provided insights into the
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detection, offering a highly sensitive and reproducible analytical platform.

design and optimization of piezoelectric-based sensors for
a wide range of applications.”?

The incorporation of nanomaterials, including nano-
particles, nanofibers, or nanotubes within the PVDF matrix, has
gained significant attention in controlling the properties of the
resulting composite material.* An example of such an approach
includes research into incorporating silver (Ag) nanostructures
onto PVDF to augment electrical conductivity and stability,
further enhancing piezoelectric performance.® PVDF-Ag nano-
particle composites have been applied as analytical platforms to
enhance the optical signal strength of plasmon-enhanced
Raman scattering (SERS).”® The piezoelectric properties of the
PVDF polymer enable the generation of electric charges upon
mechanical stress, leading to amplified SERS signals and
improved detection sensitivity. This enhancement in the SERS
signal of approximately 10-fold has been reported to arise from
piezoelectric changes migrating onto the Ag nanoparticles
which enhances the SERS signals through the chemical
enhancement factor.>'® Ag nanoparticles on piezoelectric
peptides showed that under mechanical stress have been re-
ported to support SERS signal intensity increases of more than
an order of magnitude™" Finite-element electromagnetics
simulations of the system showed that the piezoelectric-based
electric field induces internal fields that work cooperatively to
boost the SERS signal.'** Thus, the signal enhancement is
attributed to charge transfer between the piezoelectric peptide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and the Ag nanoparticles. This additional charge on the Ag
nanoparticle alters the localized surface plasmon resonance
which can yield an enhancement in SERS signal strength. Such
studies demonstrate that through a judicious combination of
piezoelectric and plasmonic materials the amplification of
Raman scattering signals can be achieved, beyond that achiev-
able using the materials separately. This enables lower
concentrations of analytes to be detected which is of signifi-
cance in areas such as biosensing," or trace detection.**

Nanoimprinting can form precise and reproducible surface
features into polymers**™® which can be coated with a thin (ex.
15 nm) layer of plasmon active metal. By optimizing the size and
period of the nanoscale features photonic resonances can be
engineered into the structure ensuring coupling of the light
with plasmon modes, with multiple plasmon modes often being
generated, resulting in interaction and mixing processes. These
modes can enhance optical detection such as those based on
Raman scattering or fluorescence. Studies have shown that Ag-
coated nanoimprinted cellulose acetate enhances SERS signal
strengths by >10-fold relative to flat surfaces.” This enhance-
ment potentially arises from Bragg modes which propagative
surface plasmons localized by the diffraction from the
plasmonic-coated nanostructure arrays.' This generates
surface-guided modes, localized as standing waves, leading to
highly confined fields. In this work, we demonstrate a facile
method for imprinting nanosized features into the surface of
PVDF creating a plasmon active metamaterial surface array. The
properties of which are combined with the piezoelectric prop-
erties of the PVDF film to create an efficient sensor platform. We
demonstrate that this substrate boosts surface-enhanced
Raman spectroscopy (SERS) signals by combining both
photonic, electromagnetic, and piezoelectric-based mecha-
nisms. This lightweight and flexible substrate design has
potential applications in several areas such as medical diag-
nostics and environmental monitoring.

Results and discussion
Substrate design and engineered properties

Nanoimprinted PVDF substrates were prepared using a soft
imprinted-based approach (illustrated in Fig. 1(a) and outlined
in ESI}). In brief, a PVDF solution was uniformly applied onto
a linear silicon nanostamp. Following drying, the PVDF polymer
film was then removed from the stamp. The resulting PVDF
polymer has imprinted on its surface features that replicate the
silicon master. The PVDF film is then coated with a plasmon
active metal (e.g. Ag). The nanoimprinted PVDF film was
covered by an Ag film of 10 nm which is a film thickness that is
effective at enhancing SERS.***' The resulting PVDF film
exhibits structural coloration (Fig. 1(b)) arising from interfer-
ence and plasmonic resonance effects due to the imprinted
nanostructures.

The nanoimprinted PVDF film when applied as a SERS
substrate (Fig. 1(c)). The nanoscale features on the PVDFs
surface can possess photonic resonances which can mix with Ag
plasmonic resonances yielding an enhancement in SERS signal
relative to a flat film (Fig. 1(d(i))). Additionally, the piezoelectric
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potential of PVDF can be activated through mechanical defor-
mation.’ The applied mechanical deformation is converted into
stored electrical energy. This yields a negative electric potential
on the substrate surface which injects electrical energy into Ag.
The piezoelectric charges transfer to the plasmonic metal
creating an enhancement in the electromagnetic field'>*
arising from the metal's plasmon resonance. SERS intensities
are proportional to the fourth power of the electromagnetic
field, resulting in the intensities of SERS spectra being signifi-
cantly enhanced.”” This yields an enhancement of the SERS
signal (Fig. 1(d(ii))). The design of the substrate combines both
piezoelectric and photonic resonance-based enhancement
mechanisms to boost SERS signals (Fig. 1(d(iii))) beyond them
separately.

AFM tapping-mode imaging of the nanoimprinted PVDF
surface features was undertaken (Fig. 2(a)) to provide high-
resolution imaging while preserving the integrity of the nano-
imprinted structures. The AFM image revealed a linear grating-
like structure. AFM plot profiles (inset of Fig. 2(a)) show that the
linear array has average dimensions of 414 £ 5.8 nm, a groove
depth of 198 + 7.2 nm, a line separation width of 226 + 8.2 nm,
and an average height of PVDF nanoimprinted lines around
155.525 + 6.06 nm. Following the deposition of Ag, the feature
sizes imprinted on the surface of the polymer are visible, with
a noticeable change in these dimensions (Fig. 2(b)). The feature
sizes of Ag-coated imprinted PVDF indicate a linear period of
433.8 = 7.92 nm, a groove depth of 162 £ 7.15 nm, and a line
width of 284 + 4.83 nm. Plot profiles meticulously outlined the
linear structures, highlighting their precise dimensions, with
an average height of around 181.25 £ 6.06 nm.

Polyvinylidene fluoride (PVDF) encompasses three primary
crystalline phases—alpha (), beta (B), and gamma (y)—each
distinguished by unique infrared absorption spectra signa-
tures.”® Enhanced dipole moments and increased molecular
order in the B-phase contribute to superior piezoelectric prop-
erties.>**® The infrared absorption spectrum of the nano-
imprinted PVDF substrate (Fig. 2(c)) exhibits distinct
absorption bands, a hallmark of PVDF's crystalline phases.
These phases, each possessing unique vibrational signatures,
are inherent to PVDF.>** The spectral features align with the
o and B phases, indicating the successful formation of PVDF's
electroactive phases during the nanoimprinting process. This
process demonstrates the ability to induce phase trans-
formations in PVDF, enhancing its piezoelectric properties. The
piezoelectric properties of the sample are confirmed by elec-
trical measurements. The nanoimprinted PVDF piezoelectric
film (Fig. 2(d)) shows a approximately 1 V output upon
mechanical stress being applied to the sample. Resulting from
piezoelectric potential being activated. The optical absorption
of the PVDF film before silver coating (Fig. 2(e)) shows no
absorption features in the visible region. This arises as the
polymer is a wide band gap semiconductor (E; ~ 6 eV)." Optical
reflection measurements provided valuable insights into the
interaction between the nanostructured PVDF films and inci-
dent light (Fig. 2(f)). The presence of linear nanostructures,
coupled with the Ag coating, influenced the reflection spectra,
leading to alterations in the films' optical properties. The UV-vis
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Fig. 1 (a) A schematic illustration of the fabrication process of the nanoimprinted PVDF piezoelectric film. (b) Photos of the resulting nano-
imprinted PVDF before and after coating with Ag. The presence of optical diffraction can be seen arising from the imprinted PVDF. (c) SERS
studies using the Ag-coated nanoimprinted PVDF film. (d(i)) SERS enhancement arising from the nanoimprinted features. (ii) SERS enhancement
arising from piezoelectric potential accelerated through mechanical deformation. (i) The boosting of the SERS signal through combining
enhancement effects arising from nanoimprinted features and piezoelectric potential.

reflection data shows peaks and dips, indicative of the films' Such spectroscopic features are not present in a flat/
nanoimprinted features. Dips at 530 and 480 nm have been unimprinted film indicating that the nanoarray features give
observed along with additional features at 420 and 360 nm. rise to the distinct dips/peaks in the reflection spectra (Fig. 2(e)).
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Fig.2 (aand b) Two AFM images of nanoimprinted PVDF. Inserts shows a plot of height vs. distance to profile the topography of the sample. (a)
Shows the imprinted PVDF before adding a silver layer, (b) was recorded after a layer of silver was added to the surface of the imprinted PVDF. (c)
Infrared absorption (FTIR) spectra FTIR of PVDF. Shown are band positions assigned to the o or B phases that the polymer. (d) The current voltage
plot for PVDF. The voltage output is indicative of strong piezoelectric potential. (e) Reflection spectra for PVDF before imprinting e.g. flat (F) and
following imprinting (L). (f) Optical absorption measurements of the probe molecules and PVDF film before silver coating.
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These features potentially arise from resonant peaks corre-
sponding to localized plasmonic modes of the nanoarray and/or
coupled plasmonic modes.”®**** Such coupled modes arise
from the interaction between neighbouring plasmonic nano-
features in the imprinted array leading to coupled plasmonic
modes.**

Photonic and piezoelectric-enhanced SERS detection

The properties of the Ag-coated imprinted PVDF substrate
design were examined by first looking at the effect of the
imprinted features on the Raman enhancement factor (EF).
COMSOL Multiphysics modeling of the electric field generated
by the localized surface plasmons on imprinted samples was
undertaken. An electric field map (Fig. 3(a)) from a single 2D
nanoimprinted array feature shows the largest fields are
generated on the edges of the square-like nanostructure. The
simulated Raman enhancement factor of these imprinted
structures (Fig. 3(a)) shows strong enhancement at approxi-
mately 430 and 500 nm arising from transverse and longitu-
dinal localized plasmon modes of the nanoimprinted structure
respectively. The optical reflection spectrum for the Ag-coated
imprinted PVDF substrate (Fig. 2(e)) shows a drop (dip) in
reflectance at approximately 530 nm potentially arising from
absorption by the longitudinal mode in the substrate. On this
basis, a Raman excitation wavelength of 532 nm was selected to
probe the SERS from Ag-coated imprinted PVDF thin film
samples.

The SERS spectra of 4ABT were recorded on Ag-coated
imprinted PVDF and flat Ag-coated PVDF (e.g. no imprinted
features) (Fig. 3(b)). The SERS spectra show peaks at 1075 and
1594 cm ' with additional peaks located at 1140, 1388, and
1438 cm™ " in line with literature reports.>*>” The SERS signal
from the nanoimprinted sample is significantly stronger than
from the unimprinted substrate. The Raman EF of the nano-
imprinted SERS substrate (without the piezoelectric enhance-
ment) was calculated to be 9 x 10> using a spectrum of the
107> M sample as a reference, with silicon substrate serving as
the benchmark for the normal Raman substrate. Our EF is
similar to EFs reported for nanograting systems, for example,
EF of 2 x 10° and a limit of detection (LOD) of 10~° M being
reported for laser-written gold nano gratings fabricated on
silicon.?® While EF of >1 x 10° and a limit of detection (LOD) of
10~® M were reported for grating formed by laser patterning of
poly(methyl methacrylate) followed by silver evaporation.* This
demonstrates that the imprinted surface features significantly
improve the SERS EF. The signal reproducibility was then
studied by plotting the SERS signal for 4ABT from 20 randomly
chosen spots on the substrate. Good SERS signal reproducibility
over the sample (Fig. 3(c)) was observed with a relative standard
deviation of the SERS peak at 1438 cm ™" calculated to be <11%.
The sample possesses long-range uniformity resulting in the
electromagnetic “hot spots” supporting reproducible SERS
signal strengths, with variation in the Raman signal potentially
arising from concentration variation in the probe molecule
surface across the sample. SERS intensity exhibited a concen-
tration-dependent increase (Fig. 3(d and e)), showing a linear

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correlation with 4ABT concentration, as depicted in Fig. 3(d)
with the signals down to 10" M sample being detected.

COMSOL simulations (Fig. 4(a)) were undertaken to examine
the impact of applying a weight to the surface of the Ag-coated
imprinted PVDF substrate. Where the applied weight acts as
a force causing mechanical deformation of the semiconductor
plastic creating a piezoelectric potential. A COMSOL-generated
electric field map (Fig. 4(a)) of a single 2D nanoimprinted
array feature before and after the mechanical force was applied
was simulated. As outlined above before force is applied the
imprinted nanostructure shows electric field resonances
strongest on the edges of the square-like imprinted structure.
Following an applied force to the substrate, the electric field
intensity increases. Particularly at the edges of the nano-
structure (Fig. 4(a)). Simulations of Raman EF as a function of
spectral wavelength were then undertaken and plotted, before
and after weight was applied to the substrate (Fig. 4(a)). This
simulation showed an increase in electric field intensity
supports an increase in Raman EF of 9-fold following the
application of a 500 g weight. Inspection of the simulated
spectrum of the Raman enhancement factor (Fig. 4(a)) shows
that the maximum enhancement occurs at approximately
520 nm, which is a redshift of 20 nm compared to the maxima
Raman enhancement factor wavelength for the sample before
a force is applied. This increase and red-shift in the Raman
enhancement factor potentially occur through charge transfer
between the piezoelectric polymer and the plasmonic nano-
feature. This increase in charge density on the plasmonic
material affects the electromagnetic field strength boosting the
SERS signal. Studies®**** have shown that increasing the charge
density on plasmonic (silver) nanofeatures creates a red shift in
the maxima of the plasmon resonance, as well as an increase in
electric field strength resulting in increased SERS signals.

To assess the contribution of piezoelectricity to the Raman
EF, a 4ABT 10> M sample was selected as a representative case.
Applying a weight of 200 g at a 5 mm distance from the incident
laser spot on the samples served as a strategic approach to
enhance piezoelectric properties. The application of this force
on the substrate during the Raman scattering process resulted
in an average 1.4-fold amplification (Fig. 4(b and c)) of the signal
of the representative peak. Leading to an increased EF, to 1.3 x
10° from EF = 9 x 10° obtained without piezoelectric
enhancement. The Raman EF increase been proportional to the
applied weight. In the (Fig. S1, ESIT) demonstrates how applying
pressure to a PVDF/Ag-coated system with a probe molecule
enhances SERS performance. When a 200 g force is applied, the
piezoelectric properties of PVDF generate an electric field across
the Ag, shifting its Fermi level and intensifying the local elec-
tromagnetic field around the probe molecule. This electric field
enhances charge transfer and local field intensity, leading to
a stronger Raman signal under applied pressure. COMSOL
calculations (Fig. 4a(iii)) show that as the weight added to the
substrate increases the Raman enhancement factor also
increases. SERS measurements were undertaken applying
different weights (Fig. 4(d)) showed that the SERS signal
strength increased with an increase in the applied weight. To
assess the role of PVDF's piezoelectric properties in SERS

Nanoscale Adv, 2025, 7, 2360-2367 | 2363
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Fig.3 COMSOL and SERS spectra were recorded on Ag-coated imprinted PVDF. (a) COMSOL simulation of a single imprinted feature showing
electric field distribution, also shown is a plot of simulated Raman enhancement factor as a function of wavelength generated from the single
imprinted feature. (b) SERS from 4ABT (107> M) on a flat (red) and imprinted (black) Ag-coated PVDF. (c) A plot of SERS signal intensity for
1436 cm™! Raman peak over different spots on the substrate. (d) SERS spectra were recorded with various concentrations of 4ABT from 10~ to

107 M. (e) Plot of 1436 cm ™! peak intensity vs. concentration.

enhancement, a control experiment was conducted using a non-
piezoelectric PDMS/Ag grating system with methylene blue (MB)
as the probe molecule (Fig. S3, ESIf). Unlike the PVDF/Ag
system, which shows increased SERS intensity under pressure
due to PVDF's electric field generation and Fermi level modu-
lation, the PDMS/Ag system displays decreased SERS intensity
when compressed, highlighting the essential role of PVDF's
piezoelectric effect in pressure-induced SERS enhancement.
To broaden the evaluation of sensing performance for typical
probe molecules, we conducted additional studies testing the

2364 | Nanoscale Adv., 2025, 7, 2360-2367

porphyrin TMPyP*>** with and without piezoelectric enhance-
ment (Fig. 4(e)). Following the application of a 200 g load
a Raman EF = 1.3 was observed regarding an increase in SERS
intensity. As outlined in the above COMSOL simulations the
inherent piezoelectric characteristics of the PVDF film generate
an electric field under mechanical stress, intensifying the
interaction between the probe molecule and the substrate.
Resulting in an amplified near-field effect yielding stronger
SERS signals. Mechanical deformation of PVDF through the
application of external pressure during SERS measurements

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a(i)) COMSOL simulations of electric field distribution (i) simulated Raman enhancement factor as a function of wavelength for a single

imprinted feature showing electric field distribution before and after 500-gram weight was added and (iii) SERS spectra at different pressure. (b)
SERS spectra for 4ABT on the substrate, with a weight or load added (black) and then removed (green). (c) A plot of SERS signal intensity for the
substrate with an added weight and then with the weight removed repeated 10 times. (d) The SERS intensity at the 1436.25 cm ™! peak of 4-ABT
increases with incremental weights (0, 100, 200, and 400 g). (e) SERS spectra for TMPyP on the substrate, with a weight or load added (black) and
then removed (green). (f) SERS spectra for a third probe molecule MB with a weight or load added by finger pressing the surface of the substrate
(black) and then after removing the applied force (green) for a probe molecule concentration of 107> M and 107° M.

modulates the piezoelectric potential, influencing near-field
enhancement and culminating in increased SERS EF. The
subsequent relaxation of the piezoelectric enhanced SERS
signal (Fig. 4(e)) back to the original SERS signal level occurs
following the removal of the applied force. Highlighting the
reversibility of these mechanical-induced changes. The LOD of
the piezoelectrically enhanced SERS substrates was also evalu-
ated for a third probe molecule methylene blue (MB) prepared
at 107°
enhanced SERS signal intensity can be seen when additional
pressure was applied (Fig. 4(f)). The MB SERS Raman band at
1622 cm™ ' has been enhanced 1.5 times enabling MB to be
more easily detected at low concentrations.

M, and 10 ° M. Following piezoelectric activation

Conclusion

In conclusion, the flexible nanoimprinted piezoelectric-
plasmonic substrate demonstrates significantly enhanced

SERS performance. This enhancement arises from the

© 2025 The Author(s). Published by the Royal Society of Chemistry

synergistic interplay between piezoelectric-induced polarization
channels, plasmonic resonances, and the nanoscale features
imprinted on the substrate. These mechanisms collectively
amplify the localized electromagnetic fields at the surface,
enabling stronger interactions with target molecules and
improving detection sensitivity. COMSOL simulations support
this by revealing electromagnetic hot spots generated by the
nanostructures, further amplified under mechanical stress
through piezoelectric charge generation. This lightweight and
flexible substrate holds great promise for diverse applications,
including medical diagnostics, environmental monitoring, and
trace detection. Future work will focus on optimizing these
parameters to push the boundaries of sensitivity and extend its
applicability across various fields.

Data availability

The datasets supporting the findings of this study are openly
available in the Research Repository UCD. These include the
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data generated and analyzed during the current study. All
relevant code and additional material are also available in the
ESI attached to the manuscript.f
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