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Surface-enhanced Raman spectroscopy (SERS) has garnered increasing attention for its ability to detect mole-
cules even at low concentrations; however, the fabrication methods for SERS sensors require further study aimed
at simple and rapid on-body and environmental monitoring. In this context, we propose an etching-free method
for fabricating silver nanowires (AgNWs)-SERS sensors based on AgNWs. A lift-off process was conducted to
create a pattern without etching, and lamination of the dry film resist overcame the limitations associated with

liquid photoresists. Consequently, the resulting AgNW-patterned substrate was used to evaluate the pH of the test
solution in the range of 1.1 and 12.0 and exhibited a Raman signal enhancement of 2 x 10°. This fast and cost-
effective fabrication method, combined with the intrinsic flexibility of the substrate and rapid and reproducible
response to pH variations, provides a foundation for applying AgNW-patterned substrates for microenviron-
mental analysis or developing wearable optical devices.

1. Introduction

With increasing demand for personal medical diagnostics, various
sensing techniques for disease and microenvironmental monitoring have
been actively investigated. Among these techniques, surface-enhanced
Raman spectroscopy (SERS), which can be employed to develop opti-
cal analysis sensors and portable biodetection devices, is considered the
most promising [1-4]. Raman spectroscopy is a rapid, non-invasive, and
non-destructive method for characterizing the structural and chemical
nature of molecules using inelastically scattered light [5-7]. However, it
has limitations owing to its relatively weak signal [8,9]; thus, enhancing
Raman emission is essential for practical sensing applications. Conse-
quently, SERS has been proposed as an effective method for enhancing
Raman signals [51,10-12].

Compared to Raman spectroscopy, SERS provides the same chemo-
structural information but enables considerable signal enhancement

owing to the optical properties of noble metal nanoparticles (NPs).
When exposed to light, free electrons on the surface of metal nano-
particles oscillate, producing a local surface plasmon (LSP) effect. When
the incident light frequency corresponds to the oscillation frequency of
the LSP, the resonance effect is termed as localized surface plasmon
resonances (LSPRs) [13]. Owing to LSPR, a localized enhancement of the
electromagnetic field is observed in the regions (hotspots) in close
proximity to metal nanoparticles or in the gap between them [9,14,15].
This amplifies the scattered light emission and enables an increased
signal strength, making SERS suitable for characterizing molecules at
sub-micromolar concentrations or for sensor applications [16,17]. Sil-
ver, gold, and copper are representative SERS materials because of their
LSPR at visible light wavelengths, which supports the usability of SERS
sensors [18,19]. Although various nanostructures have been explored
due to the strong LSPR observed in rod-like morphologies or sharp
edges, silver nanowires (AgNWs), with their high aspect ratio, offer
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notable advantages for signal enhancement [20]. Antenna-like electro-
magnetic resonances that occur in AgNWs strongly enhance the Raman
scattering of the molecules [21]. Additionally, the tunability of their
size/length, scalability, and affordability when compared to gold
nanowires make AgNWs ideal candidates for SERS detection [22-24]. In
addition to the detection of low-concentration analytes in sweat via
signal enhancement from Raman scattering, it also has advantages for
pH monitoring, such as real-time response and noninvasiveness, when
compared to traditional time-consuming methods [25].

For practical applications in real-time SERS detection, SERS sub-
strates have attracted significant attention to overcome the problems of
SERS dispersion due to random distribution and potential aggregation in
terms of the reproducibility and reliability of SERS analysis [5,8,26,27].
This in turn also limits the portability and on-site use of sensors.
Therefore, the fabrication of metal nanostructures on substrates for use
in next-generation sensors has been extensively examined [28]. Yang
et al. [29] prepared a SERS substrate by spraying silver nanoparticles
and gold nanoparticles (AgNPs and AuNPs, respectively) through a
designed panel with uniform dimensions. Banchelli et al. [16] deposited
AgNWs on Teflon using flow-through filtration and laser patterning.
Ricci et al. [19] coated AuNP ink onto glass substrates, and Kumar et al.
[20] fabricated an AgNP dot array on a polyethylene naphthalate film
via inkjet printing [30,31]. Photolithography using a liquid photoresist
(PR) is one of the various methods, including spin coating, thermal
baking, UV exposure, development, etching, and stripping. However,
photolithography using liquid PR has limitations in terms of the fabri-
cation process and application. First, achieving a uniform layer thick-
ness and pattern size using liquid PR is challenging, with additional time
and costs incurred to evaporate the solvent after spin coating [32,33].
Additionally, photolithography employs toxic etchants that can damage
the nanoparticle network and render the SERS substrate unsuitable for
wearable sensors, thereby affecting its safety for human use [34,35]. In
terms of applications, while appropriate for smooth and rigid substrates,
liquid PR is not suitable for robust or flexible polymeric substrates [36].
Furthermore, the heat treatment required for the thermal baking of
liquid PR can damage the substrate, limiting the types of substrates that
can be used and restricting their application under deformable condi-
tions [47-49].

Hence, the use of a dry film resist (DFR) has been recommended as an
alternative to liquid PR, with the employment of a lift-off process, in
gaining traction to create patterns without the need for etching. DFR is a
solid-state thin film that allows lamination of a uniform layer and sim-
plifies the patterning process, thus making it faster, more cost-effective,
and suitable for large-scale production, including roll-to-roll processes
[37]. Furthermore, DFR results in the absence of edge beads, leading to
nearly vertical sidewalls [38]. Additionally, the lift-off process is effec-
tive for pattern creation for SERS sensors without requiring etching,
which can harm the substrate and reduce the biocompatibility of the
sensor, particularly in the case of wet etching [39]. Conventional lift-off
processes involve PR coating, UV exposure, development, coating, and
stripping. A PR is typically spin-coated onto a substrate, and after UV
exposure, the UV-exposed PR is selectively removed during develop-
ment. Finally, the remaining PR layer serves as a template for the desired
pattern during the coating of patterned materials, followed by stripping
[40]. The lift-off process excludes etchant residues, making it suitable
for flexible devices and offering compatibility for easy integration with
other fabrication processes [39].

In this study, we propose an etching-free fabrication method for an
AgNW-based SERS sensor using a DFR via a lift-off process. DFR over-
comes the limitations associated with liquid PR, offering simplicity,
speed, and cost-effectiveness and ultimately enabling large-scale pro-
duction. Moreover, the lift-off process allows the incorporation of flex-
ible substrates into SERS sensors, making them suitable for deformable
conditions and curved surfaces without etching. The SERS activity of the
AgNW pattern, tested using a pH-sensitive molecule as a probe,
demonstrated considerable SERS enhancement and the capability to
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monitor the pH of small aliquots of solution. We expect that the fabri-
cated AgNW-patterned substrate can be used as a SERS sensor for the
effective detection of marker molecules in various environments, as well
as in the development of SERS wearable devices for biofluid analysis or
as a SERS-active tool for optical pH monitoring.

2. Materials and methods
2.1. Materials and experiment

In this study, we employed a polyetrafluoroethylene (PTFE) mem-
brane filter (pore size: 0.45 ym, Hyundai Micro, PTFE2025D), DFR with
a thickness of 15 um (KOLON Industries, KL-1015), and an AgNW
dispersion (diameter: 60 nm; length: 3 um; 1 wt%; dispersed in isopropyl
alcohol; capped with PVP, Flexio). TEM image of AgNW is shown in
Figure S1. The AgNW-patterned substrate was fabricated using a DFR via
a lift-off process. Initially, the DFR was laminated onto a PTFE mem-
brane filter using a laminator (Jaesung Engineering, JSL-1200). Subse-
quently, UV exposure was performed under vacuum using a film-
combined glass (FCG) mask with a specified pattern size of 2 mm. For
the development and stripping processes, solutions of Na;CO3 (Samchun
Chem) and NaOH (Samchun Chem) were prepared at concentrations of 1
and 4 wt%, respectively. AgNW patterns were created via vacuum
filtration. AgNW-patterned substrates were maintained under vacuum
conditions until use, and a recent study by our group [41] demonstrated
their stable SERS response.

2.2. Characterization and measurement methods

The fabricated AgNW patterns were characterized using scanning
electron microscopy (SEM; SIGMA 300). Its morphology was analyzed
via atomic force microscopy (AFM) in the tapping mode using a JPK
Nanowizard III Sense scanning probe microscope (Bruker) equipped
with a single-beam silicon cantilever (uMash, HQ:NSC15 Cr-Au BS). The
drive frequency was set between 250 and 300 kHz, and the scan rate was
set to 0.5 Hz. The optical transmittance was measured using a haze
meter (Haze Guard I, BYK instrument, Germany). The sheet resistance
was measured using a four-point probe system (Robo-I, YoungIn Co.
Ltd., Korea).

SERS analysis was conducted using a Horiba LabRam HR800 evo-
lution micro-Raman spectrometer coupled with a 785-nm laser excita-
tion source. The laser beam (waist dimension: 2 pm; focal depth: 1.1 pm)
was focused onto the sample via a 50x long working distance (LWD)
objective (Olympus, NA 0.50). Raman-scattered light was collected by
the same objective in the backscattering geometry, analyzed using a 600
grooves/mm grating, and finally acquired using a Peltier-cooled CCD
detector (Syncerity, Horiba). Laser power onto the sample and spectra
acquisition time were fixed at 100 yW and 5 s, respectively. The SERS
spectra were analyzed and processed using LabSpec 6 (Horiba) and
OriginPro (OriginLab) software.

As a Raman probe, a 4-mercaptobenzoic acid (4-MBA) solution was
obtained by dissolving the purchased powder (Merck) in ethanol at a
concentration of 5 mM. For the SERS experiments, the AgNW pattern
was incubated overnight in 4-MBA solution, washed in ethanol, and
dried in air. The maximum relative standard deviation (RSD) in the SERS
signal (peak of approximately 1592 cm™'), which did not exceed 10 %,
was observed among the different substrate replicates.

Moreover, a human sweat model solution was prepared to test the
capability of the AgNW-patterned substrate to evaluate the pH levels of a
complex fluid, mimicking a real bio-sample such as sweat secretions.
Specifically, a simulated sweat (SS) solution was created by mixing 0.1
% (w/v) urea, 0.1 % (w/v) lactate, and 0.5 % (w/v) NaCl in ultrapure
water (chemicals purchased from Merck) and adjusting the pH to three
different values (4.9, 6.6, and 9.0) using phosphate buffer. These pH
values were selected to reflect the average physiological pH of human
sweat and potential fluctuations due to pathological conditions.



Y. Han et al.

(A)
FCG mask
Uncured
area UV exposure
i ford0 s
» AgNW-vacuum
Development filtration
1 wt.% Na,CO,

for30s

(8)

AN

Incubation in 4-MBA solution

AgNW pattern

\r for 1 min
) D
®ee
oo e
=
@ e

Engineering Science and Technology, an International Journal 60 (2024) 101892

FR

DFR
lamination

AgNW-patterned

Stripping substrate

4 wt.% NaOH

Electric
Field

| ) Electron
/ Cloud
|
/ %
00,_
%,
%,
’(:/%L
6('

pH detection of human skin

Fig. 1. (A) Schematic of patterning AGNW on PTFE membrane filter using DFR via lift-off process and (B) illustration of procedure for detecting SERS signal on

human skin.

3. Results and discussion
3.1. Fabrication of AgNW-patterned substrate

Fig. 1 illustrates a schematic of the lift-off process using the DFR. To
facilitate handling, the PTFE membrane filter was supported by a
polypropylene layer with an AgNW pattern on the PTFE side. The pro-
cess began with coating the PTFE membrane filter with DFR through
lamination in a roll gap of 2 mm at 80 °C. The DFR-coated PTFE
membrane filter was then exposed to UV light for 40 s via an FCG mask,
and the exposed area was cured due to using a negative-type DFR. A
circular-pattern mask was selected for this process because it is advan-
tageous for drop deposition detection [16,32].

Following the UV exposure, a non-cured area was developed by
immersing it in a 1 wt% NayCOs solution for 30 s. This step removes the
uncured DFR following the following chemical reaction [42], leaving
behind a cured DFR that acts as a template for the desired pattern.

Na,CO; < Na* + NaCOjy

Na,;CO; +H,0 < NaHCO; + OH

DFR — COOH + Na' + OH™ —DFR — COONa" + H,0

The AgNW dispersion was vacuum filtered through the developed area
for 1 min to fabricate the AGQNW patterns. Subsequently, the filtered
PTFE membrane was immersed in 4 wt% NaOH solution for 1 min to
eliminate any remaining cured DFR, leaving only the AgNW patterns on
the substrate, according to the following reaction [43]:

NaOH < Na'™ + OH~

DFR — COOH + OH —DFR — COONa" + H,0
3.2. Surface characterization

The resulting patterns were characterized using SEM and AFM. Fig. 2
clearly shows the successful fabrication of a circular pattern on the PTFE
membrane filter, confirming pattern uniformity on the millimeter scale.
The morphology of the AgNW patterns was further investigated using
tapping-mode AFM [50]. Fig. 2D shows a 3 x 3 um? scan of the AgNWs
layer. A randomly distributed network of NWs is visible: single NW with
an average diameter of 60 nm and a length of a few microns are inter-
twined or crossed with each other, forming several SERS active hotspots,
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Fig. 2. (A-C) SEM images under various magnifications. (D) Tapping-mode
AFM image of AgNW-patterned substrate.

as demonstrated by the theoretical simulation of the E-field distribution,
as recently shown by our group [16]. Additionally, the advantages of
patterned AgNWs for SERS detection over the entire layer were
demonstrated in our previous study [16]. An identical micrometric
volume of the analyte was deposited on a single AgNW spot and on an
entire plain silver NWs layer. The SERS maps acquired from both sup-
ports demonstrated a two-fold signal intensity increase, with a more
homogeneous distribution and minimal signal fluctuation (relative
standard deviation of less than 10 %) from the spotted sample, owing to
the maximized interaction between the analyte molecule and SERS-
active silver surface.

To confirm that no AgQNWs were lost during the DFR process, we
prepared non-patterned AgNW networks that underwent full DFR
lamination, baking, development, and stripping. We measured the op-
tical transmittance and sheet resistance of bare AQNW networks and
those subjected to DFR patterning. The bare AgNW networks exhibited
an optical transmittance of approximately 82.3 % at a wavelength of
550 nm and a sheet resistance of approximately 92.2 Q/cm. After DFR,
AgNW networks exhibited similar values, with an optical transmittance
of approximately 82.1 % and a sheet resistance of approximately 91.9
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Q/cm. These consistent optical and electrical properties before and after
the DFR process indicate that no significant loss of AgNWs occurred
during patterning. The sharp patterning of AgNWs, confirmed by SEM
and AFM images, without any significant degradation in the electrical or
optical performance further supports the effectiveness of the DFR
patterning process for preparing SERS substrates.

3.3. Evaluation of SERS sensing

To evaluate its applicability for SERS sensing, the fabricated AgNW-
patterned substrate was soaked with 4-MBA molecules. A Raman probe,
which typically forms covalent and stable bonds with noble metal
nanoparticles through thiol groups, characterized by intense Raman
activity mainly correlated to benzene ring breathing. Fig. 3A shows a
comparison between the SERS spectra of the AgNW pattern before (blue
line) and after (red line) 4-MBA incubation, whereas the right panel
(Fig. 3B) shows the Raman spectra of a 5-mM ethanolic solution of 4-
MBA (brown line) and ethanol (green line).

The SERS spectra of 4-MBA clearly exhibited intense vibrations due
to CC ring stretching at 1080 and 1592 cm™!, whereas the doublet
modes related to CH stretching (1140 and 1185 cm™!) and bending vi-
bration modes assigned to CO and CH peaks at 845 and 1485 cm ™},
respectively, exhibited less intense but still clearly detectable vibrations.
Furthermore, the SERS spectra showed a band at 1400-1425 cmY,
related to COOH/COO™ Raman vibrations that notably shifted in in-
tensity and frequency in response to different pH values [44].

The SERS enhancement factor (EF) of AgNW-patterned substrate was
estimated by comparing the intensity (Isgrs) of the mode centered at
1592 cm~! observed in the SERS spectra of 4-MBA (Fig. 3A) and in-
tensity (Iraman) Of the corresponding mode detectable in Raman spectra
of 4-MBA in ethanolic solution (Fig. 3B). The EF was calculated ac-
cording to equation (Isgrs/TRaman) X (NRaman/Nsers), where Nraman and
Ngggrs are the number of molecules responsible for the Raman and SERS
signals, respectively. Furthermore, Raman and SERS intensities were
normalized by the laser power applied to the sample and integration
times of the acquired spectra. More specifically, Nggrs was calculated as
the number of 4-MBA molecules, forming a monolayer on the SERS-
active hotspots on the AgNW-patterned layer according to equation
Nsers = Daghws X Awaist X Aefi/fp), where Dagnws denotes the AgNW
density on PTFE, A denotes the effective area of the hotspot, and f,
denotes the footprint area of the 4-MBA molecules [16]. Furthermore,
NRaman denotes the number of molecules contained in the focal volume
of the laser spot according to the following formula:

Nraman = Ca-mpa X V5 x NA = Cy_mpa X Awaist X Haepn X NA

where C4.vpa denotes the concentration of 4-MBA molecules in the
ethanol solution used for the Raman experiments, V¢ denotes the focal
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Fig. 3. (A) SERS spectra of AgNW-patterned substrate before (blue line) and after (red line) incubation with 4-MBA solution. Main Raman modes related to 4-MBA

-1

vibrations are assigned (0: deformation; v: stretching). (B) Raman spectrum of a 5-mM ethanolic solution of 4-MBA. The inset highlights the peak at 1594 cm ™,
attributed to CC ring stretching vibration of 4-MBA, which is absent in the Raman spectrum of ethanol (green line) and is used for the calculation of SERS EF.
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Fig. 4. (A) SERS spectra of AgNW-patterned substrate after functionalization with 4-MBA and incubation with a PBS buffer solution at different pH values. The inset

highlights the shift and intensity increase of the band in the 1400-1420 cm™!

region. (B) Calibration curve obtained considering the area of the band in the

1400-1420 cm ™! interval, related to the COOH group vibrations and normalized for the area of the benzene ring breathing peak centered at 1592 cm ™', The AgNWs-
patterned substrate was tested with three SS solutions at different pH values, and the obtained results were denoted by red, blue and green geometrical symbols.

volume, Ay,is; denotes the laser spot area in the focal plane, Hgepen de-
notes the depth of field of the 50x LWD objective, and NA denotes
Avogadro’s number.

Considering Dagnws = 1.6 x 10° AgNWs/mmz, Aesr=5 x 10*nm?, fp
= 0.44 nm?/mol for 4-MBA as well as Hgepth = 1.1 pm, we calculated a
value of 1.8 x 10* for Nraman/Nsgrs. Based on this, with Isgrs/Iraman Of
approximately 120 (Isgrs = 1700 counts and Irzman = 14 counts), an EF
value of 2 x 10° was estimated [45].

The intrinsic pH-sensing capability of the 4-MBA molecules, depos-
ited on the AgNW patterned layer, was exploited. A set of SERS exper-
iments are performed by depositing a 2-uL. drop of a 1x PBS buffer
solution with a wide range of pH values between 1.1 and 12.0 on single
AgNW spots, as introduced in Fig. 2. The pH values were obtained by
adding 0.1 M HCI or NaOH (Fig. 4A). The observable shift and intensity
increase in the band in the 1400-1420 cm™! region denotes the pro-
gressive deprotonation of the COOH groups at increasing pH values
[46]. Normalizing the area of the band at 1400-1420 cm ™ to the area of
the benzene Raman mode at 1592 cm ™! resulted in the calibration curve
shown in Fig. 4B, demonstrating the feasibility of using the AgNW
pattern for the evaluation of pH within a wide pH range. The ability of
the AgNW-patterned substrate to monitor pH was further tested using a
SS solution at three fixed pH levels. The results are reported in Fig. 4B,
where the normalized areas of the 1400-1420 cm ' band are repre-
sented by geometrical symbols (a red square, blue circle, and green
diamond), corresponding to pH values of 4.9, 6.6, and 9.0, respectively.
In all cases, data were within the 95% prediction interval.

4. Conclusions

We successfully prepared AgNW-patterned substrates using an
etching-free fabrication method and evaluated their applicability to
SERS sensing. We employed the DFR replacing the liquid PR and lami-
nated it onto a PTFE membrane filter without thermal baking, which
could potentially damage the substrate. During the lift-off process, we
obtained AgNW patterns without using typical toxic etchants; instead,
we employed a mildly alkaline solution for the development and strip-
ping processes. Both SEM images confirmed the fabrication of the cir-
cular AgNW pattern, whereas the AFM topography confirmed the
formation of intertwined NW structures within the layer. SERS analysis
demonstrated the capability of the AgNW-patterned substrate to
enhance the Raman signals of the 4-MBA molecules, selected here as
probes, by up to 2 x 10° orders of magnitude. Further SERS experiments,
exploiting the Raman sensitivity following the structural variation of the
4-MBA molecules with pH, demonstrated the applicability of the 4-MBA
functionalized AgNW pattern as a suitable substrate for optical pH
sensing.

In conclusion, the AgNW-patterned substrate, owing to its flexibility,

speed, cost-effectiveness, and industrial scalability of the production
process, as well as its effective SERS activity and pH-sensing capability,
provides the foundation for developing optical devices for micro-pH
evaluation in various environments, thus allowing the sampling of a
few microliters of solution and overcoming one of the limitations of
standard pH meters that typically require milliliters of analyte. Addi-
tionally, the results demonstrate the potential of AgNW patterns for use
in flexible sensors due to their compatibility with biocompatible tapes or
microfluidic polydimethylsiloxane (PDMS) layers. The development of
SERS-based wearable devices is expected to be actively pursued for the
detection and analysis of biofluids in on-body applications [44].
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