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1. Introduction

Maskless soft lithography for fabricating micro-
and nano-scale Ag structures via solid-state
electrochemical etching using a polymer
electrolyte membrane for optoelectronic and
sensing applicationst

Tatsuya Fuijii,® Daishi Hakozaki,® Atsuki Tsuji,® Masaru Takizawa® and
Junji Murata (2 *?

Micro/nanostructured Ag surfaces are promising candidates for transparent electroconductive films and
highly sensitive plasmonic sensors. However, the conventional patterning procedures are complex and
expensive. Here, a direct and simple patterning method is developed via solid-state electrolysis using a
polymer electrolyte membrane (PEM) stamp. Anodic dissolution of the Ag surface occurs at the PEM/
material interface. The Ag ions are transferred through the PEM and deposited as a thin Ag film at the
cathode. By optimizing the process conditions, a high etching rate of ~6 pm min™! can be achieved to
produce well-defined patterns with resolutions ranging from micrometers to hundreds of nanometers.
Multiple processing steps can be combined to generate complex hierarchical structures. This process is
performed at room temperature without harsh chemicals and capable of creating Ag patterns on flexible
polymer substrates. The resulting patterned surfaces exhibit enhanced optical transmittance, supporting
their potential use as flexible electroconductive transparent membranes. The patterned Ag surfaces also
enable highly sensitive detection of rhodamine, demonstrating their suitability for surface-enhanced
Raman spectroscopy. This fast and facile solid-state electrochemical etching has reduced the
environmental impact and cost, making it advantageous for fabricating optoelectronic devices and bio/
chemical sensor templates.

complex procedures are required to prepare these templates
and flexible electroconductive transparent membranes contain-

Micro- and nano-structured Ag-based materials have attracted
considerable attention owing to their potential applications in
flexible electronics, biochemical sensors, and antibacterial
surfaces. Ag nanowires and nanoparticles have been widely
used for the fabrication of optoelectronic devices such as
electroconductive transparent flexible membranes."™ Along
with their application in plasmonic sensors, micro- and nano-
patterns on Ag surfaces exhibit excellent properties as tem-
plates for surface-enhanced Raman spectroscopy (SERS).>°
These SERS templates can detect extremely small amounts of
toxic chemicals, biomarkers, and illicit drugs. However,
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ing the nanostructured metal surfaces.

Processes to form micro- and nanoscale patterns can be
categorized into direct and indirect methods. Photolithography,'®"*
which is essential for semiconductor device fabrication, is the
most reliable and common indirect method for producing
extremely precise patterns with nanometre resolution. To limit
the machined area on the material surface, this method requires
a mask (typically a resist film) to protect surface areas that
should be preserved. Yet, the use of a resist film makes litho-
graphy complex and requires multiple procedures such as spin
coating, exposure, development, etching, and ashing, as well as
very expensive facilities. Consequently, photolithography incurs
a high financial cost and environmental burden. Nanoimprint
lithography (NIL) is a direct method for simple and low-cost
pattern formation on the material surface without using a resist
film. Nevertheless, this approach has been mainly limited to soft
polymers, because it is based on plastic deformation to transfer
the pattern on the master mold surface to the material surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Because the Ag metal is hard with a superior Young’s modulus
and yield stress, an extremely high pressure is needed to induce
its plastic deformation,** which can cause material failure. Such
a high pressure also shortens the lifespan of the master mold.
The fabrication of Ag nanostructures using a superplastic nano-
molding technique has been reported."”'® However, this
approach requires extremely high pressure (~200 MPa) and
high temperature (~450 °C) to replicate the mold structure onto
the Ag surface. Moreover, repeated use of the Al,O3-based mold
is not feasible, as the mold must be etched with KOH solution
for demolding. Instead of direct NIL based on plastic deforma-
tion, there have been extensive reports on forming Ag pattern
structures via alternative NIL methods by using inks containing
Ag nanoparticles or fibers."”'® Kim et al.'® developed a soft-
contact patterning method: an Ag nanoparticle ink is imprinted
using a polydimethylsiloxane (PDMS) stamp, and then the
pattern is transferred onto the substrate. Unfortunately, this
method is still complex and involves multiple steps. Because
the Ag ink contains a solvent, the pattern also has to be baked at
~180 °C for drying, which can induce thermal degradation in
polymer substrate materials for flexible devices. Furthermore,
the surface morphology of the Ag film depends on the size of
particles or fibres in the ink, resulting in a rough surface.
Although ink jets or related printing technologies using Ag inks
have also been proposed,'® > the horizontal resolution achieved
by these methods is more than several micrometres, which is
inferior to that obtained by lithographic techniques. Another
complication originates from the binder in the Ag ink, which
covers the Ag nanoparticles and fibres after the solidification
process and diminishes the functionality of the Ag nanostruc-
tures, such as SERS sensitivity.> Laser patterning techniques
have also been used to form Ag electrodes.”*>® However, along
with the high power consumption of laser systems, laser irradia-
tion induces intense local heating that could damage flexible
polymeric substrates. Laser beam scanning also makes this
technology unsuitable for patterning large areas. Colloidal litho-
graphy, which uses a monolayer of microspheres as the mask for
etching or deposition, can be used to prepare patterned Ag
surfaces.”” > For example, Bley et al.>’ reported a hierarchical
Ag pattern comprising micro- and nanohole arrays for use in
transparent conductive electrodes. Nevertheless, the colloidal
lithographic techniques are multi-step and complex, including
the preparation of a microsphere array, plasma treatment to
reduce the size of microspheres, reactive ion etching, and metal
evaporation. Overall, there remains the need for a direct and
simple method to prepare nanostructures on Ag surfaces.

We have developed a new environmentally friendly electro-
chemical process for fabricating micro- and nanostructures on
metal and semiconductor surfaces.’**> This process utilizes a
solid-phase polymer electrolyte membrane (PEM) as a stamp
for imprinting on the material surface, thus allowing electro-
chemical surface treatment without a liquid electrolyte. Unlike
conventional electrochemical etching that involves a liquid
electrolyte, in the solid-state method, the electrochemical reac-
tions such as anodic oxidation and dissolution are limited to
the contact area between the PEM stamp and material surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This method is analogous to the conventional NIL process in
terms of using a stamp for patterning, but the mechanism of
pattern formation is completely different, namely electroche-
mical reactions instead of plastic deformation of the material.
Therefore, the solid-state electrochemical process can directly
form nanostructures on hard surfaces such as metals and
semiconductors, without employing the resist mask required
for the conventional NIL process. Because a solid electrolyte is
used instead of the harsh liquid chemicals in direct and one-
step patterning, there is no liquid waste for post-treatment or
the associated environmental burden.

The solid-state electrochemical process with the PEM stamp
can be either anodic oxidation or dissolution, depending on the
material to be processed. The oxide pattern, which has a positive
structure of the PEM stamp, is formed on Si,>**** Ti,*' and Au*®
surfaces, while anodic dissolution is dominant in producing a
nanoscale negative pattern on the Cu surface.>*>> Considering
the presence of sulfonic acid groups in the PEM, the electro-
chemical reaction proceeds in the contact area between the PEM
stamp and material under strongly acidic conditions. This allows
us to predict whether oxidation or dissolution is predominant
for the treated metals using a pH-potential equilibrium (Pour-
baix) diagram.®” According to the diagram, only Cu among the
treated materials can be ionized under acidic conditions,
whereas the oxides of Si, Ti, and Au are stable. This diagram
also indicates that Ag is soluble in acidic aqueous solutions,
suggesting possible direct formation of Ag patterns via anodic
dissolution at the PEM/Ag interface. Such facile and fast Ag
patterning at room temperature without using a resist or harsh
liquid chemicals would be advantageous for the fabrication of
flexible Ag-based optoelectronic devices and bio/chemical sen-
sors on polymeric substrates.

Herein, we present a green solid-state electrochemical treat-
ment using a PEM stamp to prepare a patterned Ag surface
(Fig. 1(a)). The electrochemical reaction at the interface between
the PEM stamp and Ag surface was investigated through electro-
chemical measurements and microscopic elemental analysis.
The optimum electrolytic conditions for precise Ag pattern
formation were explored. Diverse pattern structures with hor-
izontal resolutions ranging from sub-millimetres to nanometres
were successfully formed and investigated using electron and
scanning probe microscopy methods. Patterns were also success-
fully formed in an Ag thin film deposited on the flexible polymer
substrate (Fig. 1(b)), and their optical properties were examined
with an eye for transparent conductive film applications. Finally,
the SERS performance of the patterned Ag surfaces for detecting
low-concentration rhodamine molecules was investigated using
laser Raman spectroscopy (Fig. 1(d)).

2. Results and discussion

2.1. Ag ionization at the PEM/Ag interface

Electrochemical analysis was performed on the Ag/PEM/Pt
electrochemical cell. The linear sweep voltammetry (LSV) pro-
files (Fig. 2(a-1)) indicate that the wet PEM leads to a much

Mater. Adv., 2025, 6, 5424-5438 | 5425
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Patterned Ag on PET

Substrate

(a) Schematic of the solid-state electrochemical etching to prepare micro- and nanoscale patterned Ag surfaces. (b) Photograph of a patterned

Ag thin film on a flexible PET substrate. (c) Preparation of a PEM stamp. (c-1) Schematic illustration and (c-2) AFM image of the PEM stamp surface.
(d) Illustration of applying the patterned Ag surface as a surface-enhanced Raman spectroscopy (SERS) template.

higher current density than the dry PEM, due to the superior
ion conductivity of the wet PEM with sufficient nanoscale water
channels. The anodic current of the wet PEM begins to increase
at a potential of approximately 1 V, and this change can be
attributed to the ionization of Ag with a standard electrode
potential (E°) of 0.799 V (eqn (1)).

Ag(s) — Ag' +e” 1)

Further increasing the applied potential caused a decrease in
the anodic current density, generating a peak at approximately
1.5 V. This indicates that the electrochemical reaction was
transformed from a charge transfer-limited process to a
diffusion-limited one: a sufficient amount of Ag" ions had
accumulated in the PEM near the interface with the Ag anode,
and their transfer to the cathode limited the electrochemical
reaction. An increase in current density was also observed at
potentials greater than 2 V, which can be attributed to Ag
oxidation (E° = 1.17 V, eqn (2)) and oxygen gas evolution due
to water electrolysis (E° = 1.23 V, eqn (3)).

2Ag(s) + H,O — Ag,O(s) + 2H" + 2¢~ (2)

2H,0 — O, + 4H" + 4¢” (3)

Ag' ions that reach the Pt cathode were reduced to form an Ag
layer on the cathode (eqn (4)), as illustrated in Fig. 2(a-3).

Agh+e — Ag(s) (4)

5426 | Mater. Adv, 2025, 6, 5424-5438

Alternatively, protons (H") generated by oxidation (eqn (2)) or
water electrolysis (eqn (3)) can also be reduced at the cathode
surface, resulting in hydrogen gas evolution (eqn (5)).

2H" +2¢” — H, (5)

A similar trend in the anodic current was observed in the cyclic
voltammetry (CV) profiles of the wet PEM with an Ag disk
anode, as shown in Fig. 2(a-2). In the negative potential range, a
cathodic peak appears at the bias of —1.5 V and can be assigned
to the ionization of the Ag film deposited on the Pt electrode
(Fig. 2(a-3), right). There is another cathodic peak at around
—0.5 V, which should originate from the reduction of Ag oxide
(Ag,0). After replacing the Ag disk electrode with an Ag thin
film (thickness ~100 nm) on the glass substrate as the working
electrode, the CV profile changed significantly. As shown in
Fig. 2(a-2), the anodic current started to increase at a potential
of 0.5V, a trend that was also observed for the Ag disk anode.
However, unlike the case of a thick Ag disk anode, the current
suddenly decreased to almost 0 mA cm ™ > at approximately 1V,
forming a sharp peak. Because the Ag film was very thin
(~100 nm), this rapid drop in electrolytic current density was
due to complete removal of the Ag film from the substrate to
expose the insulating glass surface, which is evident from the
photograph of the Ag/glass sample after measurement (Fig.
S3(a), ESIt). These electrochemical measurement results sug-
gest that the Ag surface could be dissolved through solid-state
electrolysis at the interface with the wet PEM, when a positive
bias greater than 0.5 V is applied.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Electrochemical measurements of the solid-state electrochemical system with pristine (non-patterned) PEM. (a-1) LSV curves obtained using
wet and dry PEM. (a-2) CV profiles obtained using the Ag disk (5 mm thick) anode and sputtered Ag thin film (100 nm thick) deposited on the glass
substrate as the working electrode. (a-3) Schematic illustration of the electrochemical reaction. From left to right: formation of Ag* at the interface
between the Ag anode and PEM, deposition of Ag film at the cathode/PEM interface via the reduction of Ag*, and ionization of the deposited Ag film
caused by the negative bias. (b) X-ray analysis of Ag surfaces before and after solid-state electrolysis utilizing non-patterned PEM in the wet and dry
states. XPS spectra of (b-1) survey scan, (b-2) Ag 3d, (b-3) fitting of Ag 3d (wet PEM), (b-4) C 1s, and (b-5) O 1s. (b-6) XAS Ag Lz-edge total electron yield
(TEY) spectra. (c) SEM/EDX analysis of the PEM stamp after solid-state electrolysis. (c-1) A photograph showing the darkened surface area where the
stamp contacted the Ag sample. (c-2) Cross-sectional SEM image of the stamp across the darkened area in (c-1). EDX imaging of (c-3) Ag and (c-4) F
elements. (c-5) EDX spectra obtained at points 1 and 2 indicated in the SEM image.

The chemical states of the Ag surface after solid-state
electrolysis were investigated using X-ray analysis. The X-ray
photoelectron spectroscopy (XPS) survey scan (Fig. 2(b-1))
shows Ag 3p, Ag 3d, O 1s, and C 1s peaks both before and after
electrolysis. Fig. 2(b-2) displays Ag 3ds,, and 3ds, peaks at a
binding energy of 368.5 and 374.5 eV, respectively. There was
no significant change in the shape of Ag 3d spectra before and

after the electrochemical treatment. According to Abe et al.,*®

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

the formation of Ag oxides (AgO or Ag,0) could cause broader
widths in the Ag 3d peaks. However, here the peak width
remained almost unchanged after the electrolysis treatment,
suggesting that there was no significant Ag oxidation. The peak
deconvolution results (Fig. 2(b-3)) reveal that the Ag 3d spectra
after electrolysis using the wet PEM can be fitted by two peaks
at the binding energies of 368.4 and 374.4 eV, which were
assigned to metallic Ag® peaks.*®*° Oxide-related Ag 3ds),

Mater. Adv,, 2025, 6, 5424-5438 | 5427
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components such as Ag* and Ag®* (at the binding energy of
367.8 and 367.3, respectively) were not observed in peak fitting.
Although our previous study on solid-state electrochemical
etching of a Cu surface revealed the formation of a CuO film
on the surface treated with the dry PEM,** the Ag 3d peak
analysis herein clearly suggests the absence of the oxide film on
the Ag surface after electrolysis with both dry and wet PEMs.
Along with the electrochemical data of the PEM/Ag interface,
the Ag 3d XPS spectra provide additional evidence of anodic
dissolution of Ag at the interface between the PEM and the
material. Furthermore, when Cu and Au surfaces were treated
by solid-state electrolysis using the dry PEM, C-F contaminant
was formed on the surfaces from the main chain of the PEM
(perfluorosulfonic acid, PFSA). Adhesion of this fluorocarbon
layer originating from the PEM stamp caused deterioration of
the pattern structure, resulting in a short stamp lifetime.
However, as shown in Fig. 2(b-1), there was no obvious F 1s
peak in the survey scans of Ag surfaces treated by electrolysis,
and only a peak related to the hydrocarbon contaminant (C-C
or C-H) at a binding energy of 285 eV was observed in the C 1s
spectra (Fig. 2(b-4)) without any C-F component (291 eV).*>*!
This suggests that there was no fluorocarbon contaminant
caused by adhesion of the PEM component on the Ag surface
after solid-state electrolysis, and this can enhance the lifespan
of the PEM stamp. As shown in Fig. 2(b-6), the X-ray near edge
structure (XANES) Ag L;-edge spectra exhibited no obvious
change in shape after electrolysis. From these X-ray analysis
results, we conclude that solid-state electrolysis using the PEM
can maintain the chemical state of the Ag surface without
introducing contaminant from the PEM component.

Next, the elemental distribution on non-patterned wet PEMs
after solid-state electrolysis was investigated using scanning
electron microscopy/energy dispersive X-ray spectroscopy (SEM/
EDX) analysis. As shown in Fig. 2(c-1), the part of the PEM
surface in contact with Ag darkened after electrolysis. The SEM
image (Fig. 2(c-2)) and Ag elemental map (Fig. 2(c-3)) clearly
demonstrate that Ag was present on the part of the PEM surface
in contact with the Pt cathode. Fluorine atoms, which originate
from the C-F backbone of the PEM, were almost uniformly
distributed inside the PEM (Fig. 2(c-4)). Fig. 2(c-5) shows the
EDX spectra taken at two points in the PEM, namely at the
interface with the Pt cathode (denoted as “point 1” in the SEM
image of Fig. 2(c-2)) and at an interior location (‘“point 2”).
Clear Ag peaks were observed at point 1, and relatively much
weaker Ag peaks were observed at the interior point 2. Sulfur
peaks derived from the sulfonic acid groups (-SO;H) of the
PEM were present at both points. The intensity of the F peak
was lower at the interface than that in the interior. The EDX
elemental analysis clearly demonstrated that the Ag sample
surface was ionized via solid-state electrolysis at the interface
between the PEM and Ag anode (eqn (1)), and the generated Ag"
ions were transported from the anode to the cathode through
the PEM, driven by the ion concentration gradient. The Ag" ions
were subsequently reduced at the interface between the PEM
and Pt cathode (inverse reaction of eqn (1)) to form a solid Ag
thin film on the PEM surface. The results obtained herein

5428 | Mater. Adv,, 2025, 6, 5424-5438
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provide clear evidence of anodic etching of the Ag surface at
the PEM interface. Furthermore, the formation of Ag thin films
by reduction at the interface between the PEM and Pt cathode
may be a way to electrodeposit Ag thin films without using any
liquid electrolyte. Although Akamatsu et al.*>** reported the
solid-state electrodeposition of Cu using a polymer electrolyte
membrane, they still employed a liquid electrolyte (CuSO,) to
inject Cu®* ions into the PEM, and hence their electrodeposi-
tion was performed under quasi-solid state conditions. In
contrast, in this study, the solid Ag anode directly supplied
Ag' ions to the PEM, completely eliminating the use of a plating
liquid. In other words, our electroplating method is carried out
under fully solid-state conditions, which has not been reported
before and can reduce the environmental impact.

2.2. Optimization of electrolytic conditions for precise pattern
formation

The effect of bias voltage on the electrochemical etching
characteristics was investigated using a PEM stamp with a hole
pattern. Fig. 3(a-3) shows the chronoamperometry (CA) profiles
recorded at the bias voltages of 1 and 2 V. The electrochemical
current density was much higher at 2 V than that at 1 V. In the
CA curve at a bias of 2 V, the current density was constant at
200 mA cm > during the initial stage of electrolysis. At ~0.2 s,
however, it rapidly decreased and became almost zero at
~0.4 s. This pattern suggests that after complete Ag removal
at the PEM/Ag interface via electrochemical etching, the insu-
lating glass surface underneath the Ag thin film was exposed
and came in contact with the PEM stamp. The optical micro-
scopy (OM) image of the Ag surface after electrolysis at a bias of
2 V (Fig. 3(a-2)) reveals the formation of a periodic pillar
structure on the surface, although there was also an unetched
elliptical area. In contrast, a uniform pillar pattern without
unetched defects was observed at 1 V. We believe that the large
elliptical defect formed at 2 V was due to oxygen gas evolution
caused by water electrolysis (eqn (3)) at the PEM/Ag interface.
Because the minimum voltage required for water electrolysis is
1.23 V, solid-state electrolysis under the bias of 1 V cannot
generate oxygen gas, thus enabling uniform patterning without
defects (Fig. 3(a-4), left). In contrast, at 2 V the current flowing
through the electrochemical cell was partly used for water
electrolysis to generate oxygen gas. The gas bubbles hinder
the contact between the PEM and Ag surface (Fig. 3(a-4), right),
hence the non-uniform pattern containing defects. These
results clearly indicate that electrolysis in the constant-voltage
mode should be carried out under a bias below 1.23 V to ensure
precise patterning of the material surface.

The effect of etching time on the pattern structure was
investigated using a wet PEM stamp containing a 2 pm pillar
pattern under a constant bias voltage of 1.2 V. As shown in Fig. S4
(ESIY), the current density rapidly decreased with time as soon as
electrolysis started, dropping to almost zero after approximately
3 s. This decrease in current density with time was primarily due
to the thinning of the Ag film while etching proceeded. As shown
in the SEM images after etching (Fig. 3(b-1)-(b-4)), a clear micro-
hole pattern appeared after a short etching time of 0.1 and 1 s.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effects of different electrochemical conditions on pattern structures formed on Ag surfaces. (a) Effect of the bias voltage applied to the
electrochemical cell using the 2 um hole PEM stamp. OM images of the Ag surface after electrolysis for 1 s under a bias of (a-1) 1 V and (a-2) 2 V. (a-3)
CA profiles during electrolysis. (a-4) Schematic of pattern formation under (left) low and (right) high voltage conditions. (b) Effect of electrolytic time using
the 2 pm pillar PEM stamp with a bias voltage of 1.2 V and a pressure of 1.52 MPa. SEM images of Ag patterns formed after (b-1) 0.1, (b-2) 1, (b-3) 3, and (b-4)
5s. (b-5) Schematic of the formation of wider patterns over time. (c) Effect of the contact pressure between the PEM stamp (0.5 pm L&S) and Ag sample.
SEM images of patterned Ag surfaces after electrochemical etching under a contact pressure of (c-1) 0.80, (c-2) 1.52, (c-3) 4.12, and (c-4) 5.36 MPa (1 V/15).

(c-5) CA profiles for different contact pressures. (c-6) Schematic of different

Further etching can reduce the pattern accuracy, since the dia-
meter of the holes increased with the etching time. As shown in
Fig. S2(b) (ESIt), the pillars on the PEM stamp had a conical
structure. In the early stage of etching, only the tips of the pillars
were in contact with the Ag surface, forming a hole pattern with a
smaller diameter (Fig. 3(b-5)). The contact area increased as
etching proceeded, generating larger holes on the Ag surface.
Next, the effect of the contact pressure between the PEM
stamp and Ag sample on the pattern structure was investigated.
According to the CA profile (Fig. 3(c-5)), the current density at
the beginning of electrolysis differed significantly according to
the applied contact pressure: the higher the contact pressure,
the higher the electrolytic current density. A current density of
~10 mA cm ™ ? was obtained at a pressure of 0.80 MPa, but it
became more than five times higher (80 mA cm™?) at 5.36 MPa.
In the SEM image of Fig. 3(c-1), narrow grooves were formed on
Ag under a pressure of 0.80 MPa. Although an obvious line and
space (L&S) pattern was formed on Ag at 1.52 MPa, Ag residues
were present inside the formed grooves. Under a low contact
pressure, the contact area between the PEM stamp and Ag
surface is expected to be small, thereby generating thinner

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

pattern widths formed under (left) low and (right) high contact pressures.

grooves (Fig. 3(c-6), left). Under a higher contact pressure of
4.12 MPa, the etched grooves became wider (500 nm), likely due
to the increased contact area between the PEM stamp and Ag
surface when the stamp deformed under the applied pressure
(Fig. 3(c-6), right). However, at a higher contact pressure of 5.36
MPa, an L&S pattern with narrower lines and a width of
~400 nm was observed on the Ag surface (Fig. 3(c-4)), caused
by significant elastic deformation of the PEM stamp. The
results described above suggest that highly accurate Ag patterns
can be formed by electrochemical etching under the optimal
conditions, which in turn depend on the thickness of the Ag
film. Considering that the etching time of 1 s is required to
remove the Ag film with a thickness of ~100 nm, the etching
rate was estimated to be ~6 pm min~', which offers an
extremely high throughput of the patterning process.

2.3. Evaluation of the pattern structures

The surface of Ag thin films on the glass substrate was
patterned via solid-state electrochemical etching using a PEM
stamp. Electrolysis was conducted for 1 s in the constant
voltage mode at 1.2 V and a contact pressure of 4.12 MPa using
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wet PEM stamps bearing different pattern structures. The
morphology and elemental distribution of the treated Ag sur-
faces were evaluated using SEM and EDX. In Fig. 4(a-1), a
precise L&S pattern at a resolution of 2 pm (width of lines)
was formed. Although the edges of the Ag lines were partially
eroded to produce small indentations, the top surface of the
lines exhibited a smooth morphology. Furthermore, the bottom
of the grooves appeared smooth. The EDX Ag map shows that
Ag was distributed in a striped pattern with clear contrast
(Fig. 4(a-2)). In Fig. 4(a-3), Si associated with the SiO, glass
substrate was mainly observed in the grooves. This suggests
that the Ag thin film was almost completely removed by solid-
state electrochemical etching, thereby exposing the smooth
substrate surface. However, a small amount of Si was widely
distributed even in the area of the Ag lines. This is because the
Ag film (~100 nm) was thinner than the penetration depth
(~0.3 um) of electrons having an energy of 10 keV.** Fig. 4(b)
shows the patterned Ag surface formed by treatment using a
PEM stamp with a pillar structure, demonstrating that a
negative pattern of the PEM stamp was formed on the material
surface. The EDX Ag elemental map (Fig. 4(b-2)) reveals that a
Ag honeycomb structure was formed on the material surface
through solid-state anodic dissolution. According to Fig. 4(c-1),
a pillar pattern was formed on the Ag sample under the same
electrolytic conditions. The diameter of the pillars (approxi-
mately 2 pm) was almost identical to that of the master mold.
SEM/EDX analysis of the patterned Ag surfaces demonstrated
that the Ag thin film was almost completely removed in the
contact area with the PEM stamp. Precise microscale pattern
structures could be prepared with an extremely high efficiency
(processing time of 1 s) through solid-state electrochemical

Fig. 4
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etching. The atomic force microscopy (AFM) images also con-
firmed the formation of L&S (Fig. 4(a-4)), hole (Fig. 4(b-4)), and
pillar (Fig. 4(c-4)) Ag structures with horizontal resolutions of
several microns. Cross-sectional profiles of the surface images
revealed that the height of the patterns was approximately
100 nm, matching the Ag film thickness. In Fig. 4(a-4), the line
width in the L&S pattern differs slightly along the height of the
structure, being 2 um at the top and 3 pm at the bottom to form
trapezoidal cross-sections. A change in the vertical dimension
was also observed in the hole pattern (Fig. 4(b-4)). As described
earlier in this paper, periodic structures with a non-uniform
width were formed on PEM stamps (Fig. S2, ESIt), which were
inversely transferred to the material surface. However, the
bottoms of the pattern were flat, suggesting that the Ag thin
film was completely removed in those areas down to the glass
substrate, as discussed in the SEM/EDX analysis of the pat-
terned surface. A comparison of the cross-sectional profiles
between the PEM stamps and the resulting Ag patterns
(Fig. 4(a-4) and (b-4)) indicates that while pitch accuracy was
well preserved, the groove widths of the etched L&S and hole
patterns were larger than those of the corresponding PEM
structures. This discrepancy is attributed to the elastic defor-
mation of the PEM stamps, particularly in regions with sharp
protrusions, as illustrated in Fig. 3(c-6). In contrast, the etched
groove width of the pillar pattern (Fig. 4(c-4)) closely matched
that of the corresponding PEM structure. The PEM stamp used
for pillar patterning (also see Fig. S2(c), ESIt) features wide and
flat protrusions, which result in a larger contact area and lower
contact pressure between the stamp and the Ag surface. The
reduced contact pressure minimizes elastic deformation of the
PEM stamp, thereby enabling superior pattern transfer fidelity.

AFM
PEM stamp
150
E 100
5
2 50 Ag
0 1 1
0 5
Position (um)
PEM stamp
150 ~
E 10
=
k=4
2 SoF Ag
0 1
0 5 10
Position (um)
PEM stamp
150 =7
E 100
5
2 50 g
0 1 1
0 5
Position (um)

(a—c) SEM micrographs and EDX elemental analysis of patterned Ag thin films on glass substrates formed via solid-state electrochemical etching.

Different wet PEM stamps were used to form (a) L&S, (b) hole and (c) pillar structures with a resolution of 2 um. (1) SEM images. (2) and (3) EDX maps of (2)
Ag and (3) Si elements. (4) AFM observation. The cross-sectional profiles of the PEM stamps obtained by AFM are also shown in (4).
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Next, we tried to form more precise patterns with a resolu-
tion less than 1 pm. Fig. 5(a-1) shows a fine L&S pattern with a
resolution of approximately 500 nm formed under the same
electrolytic conditions as for the 2 um pattern (i.e., a bias
voltage of 1.2 V and an electrolytic time of 1 s). However, the
pattern had poor accuracy, such as a line with non-uniform
width and jagged edges. The SEM image of a hole pattern with a
diameter of 500 nm (Fig. 5(b-1)) also reveals rough edges and an
insufficient etching depth, producing a porous morphology
inside the holes. Such rough edges were also observed on the
patterned Ag surfaces at 2 um resolution (Fig. 4), but those
jagged edges appear insignificant because their dimensions
were smaller compared to the pattern resolution. Conversely, at
a finer resolution, rough edges have a more prominent effect on
the pattern accuracy. The rough edges on the L&S pattern are
likely due to the non-uniform horizontal etching rate, which is
attributed to the presence of a thin water layer at the PEM/Ag
interface. This water layer, which seeps out from the wet PEM
stamp under contact pressure, varies in thickness across the
contact area. The local variation in water layer thickness causes
corresponding differences in ionic current at the interface,
which in turn leads to spatial variation in the horizontal
etching rate. This mechanism is considered a key factor con-
tributing to edge instability during electrochemical patterning.
The rough edges became more pronounced under conditions of
extremely high etching rates. To improve pattern accuracy, we
performed electrochemical etching under mild electrolytic con-
ditions with a lower applied voltage of 0.5 V. As shown in Fig. S5
(ESIf), the electrolytic current density at 0.5 V was much lower
than that at 1.2 V, and therefore the electrolytic time was

SEM (1.17 V/1 s) SEM (0.5 V/15s)

L&S

10,
)
I

\

Fig. 5 Optimization of electrolytic conditions to achieve well-ordered nanoscale Ag patterns with a resolution of

View Article Online

Materials Advances

extended to 15 s to ensure sufficient etching depth and uni-
formity. These mild etching conditions resulted in a highly
precise L&S pattern with straight edges and a uniform line-
width (Fig. 5(a-2)). The EDX elemental maps for the L&S
patterns (Fig. 5(a-3) and (a-4)) demonstrate that a clear ele-
mental distribution was obtained at the lower bias voltage.
Furthermore, in Fig. 5(b-2)-(b-4), a well-defined hole pattern
with a diameter of approximately 650 nm was obtained under
the same conditions. Unlike the hole pattern with porous
features obtained at the higher voltage (1.2 V, Fig. 5(b-1)), the
holes produced at the lower voltage had a circular shape and
smooth edges, forming Ag walls with a width of ~250 nm
between holes. A well-ordered pillar pattern with a diameter of
650 nm was also obtained (Fig. 5(c-2)-(c-4)). The etching rate
decreased at a lower electrolytic voltage, leading to more uni-
form Ag removal at the PEM stamp interface. Uniform etching
produces smooth edges when horizontal etching proceeds,
resulting in a well-ordered and highly precise pattern. Based
on the results obtained herein, suitable electrolytic conditions
should be selected by considering the pattern resolution. Note
that the etching efficiency was high even under mild electrolytic
conditions: a mere processing time of 15 s was required for
nanoscale Ag patterning, providing a significant advantage for
pattern formation with a resolution ranging from the micro-
scale to nanoscale.

The water contact angle of Ag surfaces was examined.
According to Fig. 6(a)-(c), the surfaces with L&S structures
exhibit higher contact angles (>80°) than the untreated flat
surface (54°). The surfaces patterned with hole structures also
exhibited a high contact angle of approximately 100°, as shown

Ag map (0.5 V/15 s) Simap (0.5 V/15s)

(a-s)
:
(C_S)

~500 nm consisting of (a) L&S, (b)

hole, and (c) pillar structures. SEM images under the electrolytic conditions of (1) 1.2 V for 1 s and (2) 0.5V for 15 s. EDX maps for (3) Ag and (4) Si elements

under the condition of 0.5V for 15 s.
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in Fig. 6(d-1)-(d-3). There is no obvious correlation between the
contact angle and pattern resolution (0.5, 1, and 2 um). The
chemical state of the surface affects its wettability such as stronger
hydrophilicity (lower contact angle) for the oxidized metal surface
as compared to the pristine unoxidized one. However, as
described earlier, X-ray analysis of the Ag surface (Fig. 2(b))
revealed no significant change in the chemical composition after
solid-state electrolysis treatment. Furthermore, it is evident from
the XPS C 1s spectra (Fig. 2(b-4)) that the treated Ag surface was
free from fluorocarbon contaminants that could increase the
contact angle.*® Therefore, the significant change in contact angle
after pattern formation should be attributed to the surface
morphology, as explained by the Wenzel*® or Cassie’s*”**® law.
According to Cassie’s theory,*”*® a surface with a periodic struc-
ture has a different contact angle from that of the smooth surface:

cosO. =f(rcos +1) — 1

where 6. is the predicted contact angle on the rough surface, fis
the projected area ratio of the surface, r is the roughness
parameter, and 6 is the contact angle on the ideal smooth
surface. The SEM and AFM observations confirmed that the
L&S pattern contained lines and spaces of almost identical
width, hence its projected area ratio is f= 0.5. The larger contact
angle of the hole pattern may be attributed to its lower fvalue.
When the patterned Ag surfaces are used as a SERS template,
the high contact angle on these surfaces may enhance the
detection limit due to the condensation effect.**>' Further-
more, the hydrophobic nature of the patterned surface can
contribute to a high antifouling activity and water resistance
when applied to transparent conductive coatings.”>?

Now, we try to fabricate even more complex patterns on the
Ag surface with different horizontal resolutions ranging from
sub-millimeters to nanometers. Fig. 7(a) depicts a Ag patterned
surface with periodically arranged squares (size: approximately
300 pm, pitch: 70 pm) formed via solid-state electrochemical
etching. In this case, the master mold for the PEM stamp was
prepared using a blade dicing saw with a 70-um thick blade on
a Si wafer (inset in Fig. 7(a-1)). The scanning white light
interferometer (SWLI) image and its cross-section profile
(Fig. 7(a-2)) reveal lattice grooves with a depth of ~100 nm
and a width of ~70 pm, although some residual Ag film was
observed at the bottom of the grooves. We believe that it is
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possible to further remove this unetched Ag by optimizing the
electrolytic conditions. Fig. 7(b) shows a biomimetic surface
generated on Ag thin film on glass, with a shark skin-like
pattern structure that was reported to have antibacterial proper-
ties by inhibiting bacterial adhesion.>® The PEM stamp was
prepared using a commercially available film (Sharklet Shield
Panels, Sharklet Technologies, Inc.) as the master mold. A
complex pattern comprising microscale trapezoids of different
lengths was observed on the surface. The AFM cross-sectional
profile (Fig. 7(b-2)) shows that the width of grooves between the
trapezoids is less than 1 um, and the height of the pattern is
approximately 100 nm. Although Ag has intrinsic antibacterial
properties, the shark skin pattern on the Ag surface can
enhance the bactericidal function as reported by Yoo et al.>®
Furthermore, Fig. 7(c) demonstrates that two-step solid-state
electrochemical etching by applying a single L&S PEM stamp in
different directions produced a complex nano-square pattern
with a resolution of 500 nm. A hierarchical patterned structure
was also formed by using two PEM stamps. Solid-state electro-
chemical etching was first carried out using one PEM stamp
with 2 pm pillar pattern, and further etching was carried out
using a second PEM stamp with a finer resolution (0.5 pm) to
produce the smaller pattern. The resultant Ag surface, which
contained hierarchical hole patterns with two resolutions of 2
and 0.5 pm (Fig. 7(d)), was produced with a total etching time of
2 s. This fast and facile method to form multiscale hierarchical
patterns on the Ag surface is very attractive for producing
optical devices such as highly sensitive sensors.>® The height
of the patterned structures obtained via electrochemical etch-
ing was approximately 100 nm, depending on the thickness of
the Ag film. However, when a thicker Ag film is used, the
achievable pattern depth is believed to be closely related to the
height of the PEM stamp. As shown in Fig. S2 (ESIt), the PEM
stamps exhibit microscale feature heights ranging from 500 nm
to 1 um, suggesting that deeper Ag etching corresponding to
the stamp height can be realized.

As shown in Fig. 8, although the patterned surface morphol-
ogy varied among different observed points, Ag lines with a
width of 100 nm were achieved using the proposed method. Ag
droplets were present in the formed lines (Fig. 8(b) and (c)),
which are believed to occur through Ag sputter deposition.

The performance of different patterning methods is sum-
marized in Table 1. As previously mentioned, photolithography

(c-1)

L&S 0.5 pm

(c-2)

L&S 1 ym L&S 2pum

2080

(d-4)

Hierarchical

(d-2) (d-3)

b) untreated, (c) L&S, and (d) hole patterned

Ag surfaces with (1) 0.5 pm, (2) 1 pm, and (2) 0.5 um resolutions and (d-4) hierarchical hole (2 and 0.5 um) patterned surfaces.
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Fig. 7 Formation of diverse Ag patterns with different horizontal resolutions. (a) Sub-millimeter scale square pattern. (a-1) OM image, (a-2) scanning
white light interferometer image and cross-sectional profile. The master mold for the PEM stamp was fabricated by forming grooves on a Si wafer using a
dicing saw with a 70-pm thick blade. Inset in (a-1): Photograph of the master mold. (b) Microscale complex pattern inspired by shark skin. The PEM stamp
was prepared using a commercially available antibacterial film (Sharklet®) as a master mold. (b-1) SEM image, (b-2) AFM observation. (c) Nano-square
pattern with a resolution of 500 nm prepared via two-step solid-state electrochemical etching using a single L&S PEM stamp. The second
electrochemical etching was conducted by rotating the PEM stamp. (c-1) SEM image and (c-2) AFM observation. (d) Hierarchical patterns containing
the hole pattern at different resolutions (2 and 0.5 pm) formed by multi-step etching using two different PEM stamps. (d-1) SEM image and (d-2) AFM

observation.

is an indirect process that relies on resist coating and involves
multiple complex steps. Direct patterning techniques such as
UV-NIL, inkjet printing, and laser patterning utilize Ag inks
composed of nanowires, nanoparticles, or nanoflakes. However,
binders contained in these inks often remain on the surface after
patterning, thereby degrading the optical and electrical proper-
ties of the Ag nanostructures. Thermal NIL and superplastic
nano-molding can directly form patterns on bulk Ag surfaces,
but they typically require high temperature and pressure. In
contrast, the solid-state electrochemical process employed in
this study enables direct formation of nano- and microscale
patterns on bulk Ag surfaces without the need for UV exposure,
elevated temperature, or high pressure, offering advantages such
as low cost, low environmental burden, and process simplicity.

The lifespan and reusability of the PEM stamp are crucial
considerations for the industrial application of solid-state

Fig. 8 SEM images of a nanometer-scale L&S pattern with a resolution of
100 nm at three points (a)—(c).

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

electrochemical patterning. As previously discussed, during
the electrochemical etching process, Ag ions accumulate within
the PEM stamp, leading to Ag film deposition at the interface
between the cathode and the PEM (Fig. 2(a-3)). These inter-
nalized Ag ions and the deposited film can negatively affect the
electrochemical performance of the stamp. In our previous
study on solid-state electrochemical etching of Cu, we found
that repeated use of the PEM stamp resulted in a reduced
etching rate compared to that of a pristine stamp.*® However,
this reduction in etching performance could be recovered by
applying a negative bias to the Cu substrate, which was attrib-
uted to the electrochemical reduction of Cu ions, thereby
lowering their concentration within the PEM. Since the Ag
patterning method reported in this study follows a similar
mechanism to that used for Cu, we believe that the same
recovery treatment—applying a negative bias—would be effec-
tive in restoring the PEM stamp’s performance in Ag
patterning.

2.4. Optical properties of Ag patterns on flexible substrates

Solid-state electrochemical etching can be performed at room
temperature without harsh liquid chemicals, making it suitable
for patterning Ag thin films on soft and flexible polymer
substrates. Such polymeric substrates are promising for the
preparation of flexible optoelectronic devices. Polymer materi-
als such as polyethylene terephthalate (PET) can be easily
damaged by high-temperature atmospheres and liquid
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Table 1 Comparison of patterning performance

Methods Direct/indirect Temperature Resolution Comment

Photolithography'®"? Indirect RT ~10 nm Requires resist and complex steps

UV-NIL®’ Direct RT ~100 nm Uses Ag inks, requires UV exposure
Thermal NIL'>*¢ Direct ~400 °C ~100 nm Bulk Ag; requires high pressure (~300 MPa)
Inkjet printing'®>? Direct 80-100 °C Several microns Ag inks; low resolution

Laser patterning®*>° Direct RT Several microns Ag inks; localized heating

This work Direct RT ~100 nm Ag film and foil; simple, low-temperature

chemicals. However, the etching method proposed in this study
avoided these pitfalls and successfully formed patterns on Ag
thin films deposited on PET substrates. As shown in Fig. 9(a),
the etching process can achieve L&S patterns on Ag/PET sam-
ples with the resolutions of 2, 1, and 0.5 pm. The AFM image in
Fig. 9(b-1) confirms an L&S pattern with a line width of
~400 nm and a height of ~100 nm. The top surface of the
line (Fig. 9(b-2)) had a smooth micromorphology with a rough-
ness of only 2.50 nm Sa (arithmetic average roughness). In
contrast, the bottom of the grooves was significantly rougher
due to the presence of microparticles with diameters of several
hundred micrometers (Fig. 9(b-3)). Such a rough morphology
containing microparticles is believed to be due to Ag residue on
the bottom, because the untreated PET film has a smooth
surface with a roughness of only 1.2 nm Sa as observed by
AFM (Fig. S6, ESIf). In the photograph of Fig. 1(b), the
patterned flexible Ag/PET sample can be easily bent by hand
while exhibiting structural rainbow coloration on the patterned
area of the Ag film. Optical transmittance spectra were obtained
for Ag/PET samples with diverse structures at different

(a-2) L&S 1 ym

(a 1)L&S2pm

(a-3) L&S 0.5 ym

nm 70

resolutions. According to Fig. 9(c-1), the pristine PET film
exhibited a transmittance of approximately 90% over the tested
wavelength range, whereas the transmittance was only about
10% after Ag film deposition. After etching the Ag film to form
patterns, the transmittance increased to 30-50% depending on
the pattern structure. As shown in the inset photograph of
Fig. 9(c-1), the patterned area is highly transparent to visible
light. Fig. 9(c-2) shows that the L&S patterns have almost the
same transmittance regardless of the resolution. Electrical
resistances for the L&S patterns were measured to be 1.63,
3.30 and 5.83 Q at resolutions of 2, 1 and 0.5 pm, respectively,
which were higher than those for the untreated Ag film depos-
ited on the PET substrate (0.625 Q). The increased resistance
for the smaller resolutions (1 and 0.5 um) is attributed to the
disconnection of the formed lines and the decrease in line
width. However, as shown in the inset in Fig. 9(c-2), LED
illumination can be achieved using the 1 um L&S patterned
Ag/PET sample integrated into an electrical circuit while being
subjected to bending stress. These results demonstrate that
fast and facile solid-state electrochemical etching, which is
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Fig. 9 Pattern formation on an Ag thin film deposited on a flexible PET film via solid-state electrochemical etching. (a) OM images of L&S patterns with a
resolution of (a-1) 2, (a-2) 1, and (a-3) 0.5 pm. (b) AFM images of patterns on an Ag surface with a resolution of 0.5 pm. (b-1) 3.3 um x 3.3 pm scan image.
Closeup images of (b-2) the top of the pattern (200 nm x 200 nm scan of the area enclosed by green square in (b-1)), and (b-3) the bottom of the pattern
(400 nm x 400 nm scan of the area enclosed by blue square in (b-1)). Inset in (b-1): Cross-sectional profile. (c) Optical transmittance spectra of (c-1) Ag
films with different pattern structures at the same resolution of 0.5 pm, as well as untreated Ag film and PET film for reference; (c-2) Ag films with L&S
patterns at different resolutions. Inset in (c-1) and (c-2): Photographs of the patterned Ag/PET film featuring a hole structure, and a demonstration of an

LED circuit based on the 1 pm L&S pattern.
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performed at room temperature without using liquid chemi-
cals, can produce flexible optoelectronic devices such as trans-
parent electroconductive membranes.

Finally, the characteristics of patterned Ag surfaces as SERS
templates were investigated for detecting rhodamine B (RhB)
molecules. Laser Raman spectroscopy analysis was performed
for the patterns formed on the Ag foil (50 pm thick) and the Ag/
PET template. As shown in Fig. 10(a-1), the untreated Ag surface
exhibited no obvious peaks in the spectra, whereas the pat-
terned surfaces with pillar, L&S, and hole structures with a
resolution of 0.5 pm showed multiple peaks at wavenumbers
around ~ 1200, 1360, and 1645 cm ™', which are typical signals
of RhB on SERS templates.””” Among the patterned structures,
the pillar pattern exhibited the highest sensitivity for detecting
RhB molecules. The peak intensities for the submicron pillar
pattern (0.5 pm resolution) were much higher than those for
the microscale patterns (1 and 2 pm), as shown in Fig. 10(a-2).
These results suggest that the electromagnetic field was
enhanced in the nanogaps between Ag pillars.****°° The SERS
signals of the 0.5 um pillar pattern depend strongly on the RhB
concentration (Fig. 10(a-3)). Although the peak intensity was
low, RhB at a concentration of 1 nM (10~° M) can be detected
on the patterned Ag surface. The SERS characteristics of the
patterned Ag on the flexible PET film were also investigated
using a pillar pattern with a resolution of 0.5 pm. Distinct peaks
were also observed on the patterned Ag/PET template
(Fig. 10(b)), in contrast to the as-deposited Ag film. Micro-
Raman imaging for the peak intensity at 1645 cm ™" (Fig. 10(c))
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was performed. In the optical micrograph (Fig. 10(c-1)), the
measurement area included both the patterned and as-
deposited flat surfaces. The intensity map (Fig. 10(c-2)) clearly
demonstrates that the patterned surface exhibited a higher
Raman signal than the as-deposited flat surface. The patterned
Ag surface exhibits localized high-intensity areas (‘“hot spots”)
corresponding to the microstructure, which arise from the
enhanced electromagnetic field between neighboring Ag
features. This non-uniform SERS response, attributed to the
pattern resolution (0.5 pm) being larger than the focal laser-
spot size (~350 nm) used for the measurements, limits repro-
ducibility across the substrate. Further miniaturization of the
pattern resolution—to dimensions smaller than the laser
spot—should improve both the uniformity and reproducibility
of the SERS signal.

The analytical enhancement factors (EFs) for the different
pattern structures were estimated using the following equa-
tion:*°

I C
EF — sers/ CsErs ©)
IRaman/CRaman

where Isgrs and Iraman are intensities of the SERS signal for
the patterned Ag surface and normal Raman signal from the
patterned Ag surface and the normal Raman signal from the
flat Ag surface, respectively, at the wavenumber of 1645 cm™".
Csgrs and Craman are RhB concentrations, both of which are
107> M. The EFs for the pillar, L&S and hole patterns with
0.5 um resolution were estimated to be 0.97 x 10%, 0.47 x 107,
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Fig. 10 SERS characteristics of the patterned Ag surface for detecting RhB molecules. (a) Raman spectra for the patterns formed on the Ag foil (50 um
thick): (a-1) effect of the pattern structure (0.5 pm resolution), (a-2) pattern resolution (pillar pattern) and (a-3) RhB concentration. (b) Spectra recorded on
the pillar structure with a resolution of 0.5 pm and the as-deposited Ag film on PET. RhB concentration: 10~ M. (c) Raman imaging for the area

containing the patterned surface and as-deposited surface: (c-1) optical micrograph and (c-2) intensity map at the wavenumber of 1645 cm™.
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and 0.24 x 10, respectively. Furthermore, when Cggrg was 10~°
and 10™° M (Fig. 10(a-3)), the EFs for the 0.5 pm pillar pattern
were calculated to be 5.1 x 10° and 2.0 x 10°, respectively. These
results clearly demonstrate that the patterned Ag/PET template
enhances the Raman signal for detecting low-concentration RhB
molecules. Hence, the proposed solid-state electrochemical etch-
ing to form Ag patterns on flexible substrates may be capable of
fabricating flexible SERS templates in a fast and facile manner.
The Ag nanostructures on the flexible substrate may allow for
dynamic and reversible tuning of SERS activity by applying
mechanical and thermal strain, as previously demonstrated in
temperature-tunable SERS substrates.®' For broad applications
in flexible optoelectronics, large-area preparation of Ag patterns
on flexible substrates is essential. In this study, the patterning
area was limited by the dimensions of the PEM stamps and was
typically 5 x 5 mm?® In our previous report on solid-state
electrochemical etching of Cu surfaces,®” a larger patterning
area of 50 x 30 mm® was achieved using a roll-to-plate (R2P)
system, in which the PEM stamp was adhered to a cylindrical
cathode. The R2P system is considered promising for fabricating
nanoscale patterned Ag/PET templates over large areas.

3. Conclusions

This study demonstrates a novel method for fabricating micro-
and nanostructured Ag surfaces through solid-state electrochemi-
cal etching at the interface of a polymer electrolyte membrane
(PEM) stamp and an Ag substrate. Electrochemical measurements
and SEM/EDX analysis confirmed the occurrence of anodic dis-
solution of Ag at the PEM/Ag interface, generating Ag' ions that
migrated through the PEM and were subsequently reduced at the
PEM/cathode interface to generate a thin Ag film. Compared to
the dry PEM stamp, the wet PEM, produced by soaking the
polymer membrane in water, proved to be advantageous owing
to its higher ionic conductivity. The applied bias voltage also
influenced the resulting pattern. At 2 V, oxygen evolution dis-
rupted uniform etching, whereas well-defined patterns were
formed at 1 V. Further optimization of parameters, such as the
contact pressure and etching duration, enabled both a high
etching rate (~ 6 pm min ') and precise pattern formation. Under
the optimized conditions, microscale patterns with resolutions
down to 2 pm were achieved. A lower applied electrolytic voltage
(0.5 V) allowed patterning on the submicron scale (0.5 pm).
Diverse patterns were achieved with the resolution ranging from
sub-millimeter to several hundred nanometers. By combining
multiple electrolysis steps or multiple PEM stamps, complex
patterns such as hierarchical structures were also successfully
formed. Because this solid-state electrochemical process operates
at room temperature without liquid electrolytes, pattern for-
mation can be achieved on flexible polymer substrates such as
PET. The formed Ag pattern/PET samples exhibited a high optical
transmittance, indicating their potential as flexible, transparent,
and electroconductive membranes. Raman spectroscopy experi-
ments further confirmed that the patterned surfaces served as
effective SERS substrates, exhibiting higher sensitivity than the as-
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deposited flat Ag surface. Reducing the pattern resolution below
the laser-spot diameter can significantly enhance the reproduci-
bility of SERS measurements. A more detailed analysis of the
effects of Ag pattern structures—such as geometry and resolutio-
n—on SERS performance should be conducted in future work.

Future studies should address the durability of the PEM
stamps and scale the process to larger areas for industrial
applications. Further miniaturization of patterning resolution,
while maintaining uniformity remains over a large area,
remains a key challenge. Performing the process in a clean-
room environment can further reduce contamination at both
the mold/PEM and Ag/PEM interfaces, thereby enhancing
patterning uniformity. Nonetheless, this solid-state electroche-
mical etching method, which is free from harsh chemical
solutions and performed under ambient atmospheric condi-
tions, is promising for patterning Ag surfaces in an environ-
mentally benign, cost-effective, and versatile manner. In terms
of applications, this approach can be adopted to fabricate
advanced flexible devices, transparent conductive membranes,
and high-sensitivity SERS templates.

4. Methods

4.1. Sample fabrication

Ag thin films were deposited on optically transparent sub-
strates such as glass and polyethylene terephthalate (PET) films
using a magnetron sputtering system (MSP-1S, Vacuum Device
Inc.). The typical thickness of the Ag film was approximately
100 nm.

A perfluorosulfonic acid (PFSA) membrane (Nafion N115)
with a thickness of 0.125 mm was used to prepare the PEM
stamp by thermal imprinting (Fig. 1(c)). Specifically, the as-
received Nafion membrane was pressed onto a master mold
(DTM-2-1, KYODO International Inc.) at 5 MPa and 135 °C.
Prior to the thermal imprinting process, the surfaces of the
master mold and PEM film were carefully cleaned by air
blowing to remove contaminants such as dust and particulate
matter, thereby improving the patterning uniformity of the
PEM stamp. After 5 min of pressing, the PEM was naturally
cooled to room temperature (~23 °C) and then detached from
the master mold. Owing to the presence of a mold release agent
coated on the mold surface, the PEM stamp could be readily
detached from the mold without any structural damage. PEM
stamps containing three types of pattern structures, namely
line and space (L&S), hexagonal close-packed (HCP) hole, and
HCP pillar, were prepared on the PEM stamp at different
resolutions (0.5-2 pm) and pattern heights (500-1000 nm), as
shown in Fig. S2 (ESIT).

Solid-state electrochemical etching was conducted at room
temperature under atmospheric pressure. As illustrated in
Fig. 1(a), the PEM stamp was sandwiched between the Pt
cathode and Ag anode, with the patterned surface of the stamp
facing the Ag anode. A desired pressure was applied using a
pneumatic cylinder. A liquid electrolyte was not used, and
electrolysis was performed in the constant-voltage mode. CA
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profiles were obtained during electrolysis using an electroche-
mical measurement system (potentiostat/galvanostat, HZ-7000,
Hokuto Denko Corp.). Afterwards, the PEM stamp was simply
removed without further post-etching treatment of the sample
surface, such as cleaning.

4.1.1. Characterization. Electrochemical measurements,
such as CV and LSV, were performed in a solid-state electro-
chemical cell comprising a Pt counter electrode, a PEM, and an
Ag working electrode, using an electrochemical measurement
system and without a reference electrode. Two different Ag
working electrodes were compared: a disk Ag electrode (thick-
ness: 5 mm) and a thin Ag film (~100 nm thick) on a glass
substrate. The PEM was used in the as-received state without
patterning. Electrochemical characteristics of PEM in the dry
and wet states were also investigated. The wet PEM was
prepared by immersion in deionized water for 10 min, and its
water content was estimated to be approximately 10 wt.%. The
cross-sectional elemental profile of the PEM after electrolysis
was investigated using scanning electron microscopy (SEM;
SU6600, Hitachi High-Tech Corp.) with an energy-dispersive
X-ray (EDX; INCA-X, Oxford Instruments) system.

The chemical state of the Ag surface after solid-state electro-
lysis was investigated using synchrotron radiation (SR) X-ray
analysis. The Ag surface was treated using wet and dry non-
patterned (flat) PEM at a bias voltage of 1 V for 60 s. X-ray
photoelectron spectroscopy (XPS) analysis was performed at BL-
7 of the Synchrotron Radiation Center (SR-Center), Ritsumei-
kan University with a 300 W Al Ko X-ray source (1486 eV) under
a vacuum pressure of ~7 x 10~ ® Pa. X-ray absorption spectro-
scopy (XAS) analysis was performed at BL-13 of the SR-center
under a vacuum pressure of ~8 x 10’ Pa. X-ray near-edge
structure (XANES) spectra were collected using the total elec-
tron yield (TEY) at an evaluation depth of ~50 nm. All X-ray
measurements were performed at room temperature.

The patterned structures formed on the Ag surface were
observed using optical microscopy (OM; VHX-7000, Keyence),
scanning white-light interferometric microscopy (NewView7300,
Zygo), and atomic force microscopy (AFM; SPM-9700HT, Shi-
madzu Corp.). The elemental maps of the patterned Ag surface
were obtained using SEM/EDX analysis. The water contact angle
on prepared Ag patterns was investigated using a contact angle
measurement system (Dropmaster DMC-MC3, Kyowa Interface
Science Co., Ltd) with 2-uL droplets of deionized water.

Transmittance spectra of patterned Ag samples on PET film
were recorded on a spectrophotometer (PMA-12; Hamamatsu
Photonics). To investigate the SERS characteristics of the patterned
Ag surfaces on the PET film, Rhodamine B (RhB; R0040, Tokyo
Chemical Industry, Inc.) was used as a representative analyte. The
patterned Ag surfaces were immersed in a RhB solution for 24 h
and then dried in air at room temperature. Raman spectra were
collected using a laser Raman microscope (Raman touch VIS-ICS-
S, Nanophoton). A laser beam at 532 nm was irradiated on the
template surface through a 100x objective lens (NA 0.9) to provide
a focal laser spot of approximately 350 nm in size. The spectra were
obtained using 600 | mm ™" diffractive grating with an irradiation

time of 5 s in the wavenumber range of 500-1800 cm ™.

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