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ABSTRACT: A nanoporous silver film (npAgF), a promising structure
for surface-enhanced Raman spectroscopy (SERS), can be fabricated by
using successive O, and Ar plasma treatments on a planar silver film. The
common dealloying method for producing an npAgF involves annealing at
high temperatures to produce an alloy film, as well as harsh etching using
corrosive chemicals. By contrast, the plasma-based method can be applied
directly to various functional substrates to produce more sophisticated
npAgF structures. Herein, we report a facile fabrication method for a
wrinkled npAgF (w-npAgF) for SERS applications using a thermally
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contractible polystyrene substrate. The w-npAgF had 3D wrinkles of the

nanoporous structure and showed approximately 8 times higher SERS enhancement than did the flat npAgF. Moreover, the w-
npAgF could be reused for multiple SERS measurements of different molecules by mild O, and Ar plasma treatments after each use,
in which the O, plasma effectively removed the adsorbed organic molecules and the Ar plasma reduced silver oxide to pristine silver
for subsequent SERS measurements. The wrinkled nanoporous structure was maintained after multiple mild plasma treatments for
reuse. The simplicity of plasma-based fabrication and high sensitivity of w-npAgFs are promising features for the green production of

low-cost and reusable 3D SERS substrates.

1. INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is a promising
chemical sensing technique because of the large amplification
of the Raman signal of target molecules providing vibrational
information.' ™ Strong light amplification on the surface of
noble-metal nanostructures by the localized surface plasmon
resonance (LSPR) effect can considerably enhance the Raman
signal from nearby molecules.””

Because light enhancement can be maximized in the small
gap between nanostructures, called hot spots, various
plasmonic nanostructures, from colloidal nanoparticle aggre-
gates to lithographically patterned substrates, have been used
for SERS.**™'" Among them, a nanoporous structure,
comprising numerous interconnected nanosized plasmonic
metal ligaments, is promising owing to its large surface area for
adsorbing probe molecules as well as abundant hot spots inside
its nanopores.''~'” Furthermore, it exhibits superior robust-
ness and reproducibility than a colloidal nanoparticle aggregate
randomly induced in the solution phase.

Among the two most representative noble metals, gold and
silver, which exhibit LSPR in the visible-to-near-infrared (vis-
NIR) wavelength range, silver is more cost-effective and
exhibits LSPR stronger than does gold. However, its use is
often limited owing to its vulnerability to oxidation, because
oxidized silver does not exhibit as strong LSPR as pristine
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silver nanostructures.

practical applications.

Nanoporous noble-metal films have mostly been fabricated
using the dealloying method, in which the less noble metal is
selectively removed from a metal alloy using a strong acid to
leave a bicontinuous nanoporous structure.'”'” For example, a
nanoporous gold film (npAuF) can be fabricated by dealloying
a Au—Ag alloy,'”** while a nanoporous silver film (npAgF)
can be fabricated by dealloying a Ag—Al alloy.””** However,
dealloying requires the prefabrication of alloys including
sacrificial metals in an appropriate ratio and uses environ-
mentally unfriendly corrosive chemicals for etching.

Alternatively, a template-mediated method using sacrificial
templates has also been developed to fabricate nanoporous
noble-metal structures.”>*® Although corrosive chemicals are
not required for this method, additional processes are required
to prepare a nanoporous template and to remove it after the
production of a nanoporous metal film.

Therefore, gold is preferred for
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Figure 1. Schematic of the fabrication procedure for the w-npAgF. Detailed fabrication conditions are described in the Experimental Section.

Recently, an interesting method for preparing an npAgF
from a planar Ag film using oxygen plasma was reported by Ma
et al.”” Oxygen plasma has been widely used for removing
organic materials or polymer tem%)lates from various substrates
such as glass, silicon, and gold, 8730 \hereas it has seldom
been used for silver structures because silver can be easily
oxidized resulting in damage of its structure. However, Ma et
al. deliberately induced the strong oxidation of silver using
oxygen plasma to produce the npAgF. Internal stress induced
by the oxide layer growth on the surface of silver can cause
cracking and roughness of the surface, and the repetition of
this process finally results in a nanoporous silver oxide film
(npAg,OF).””*" Furthermore, it was reported that post-
treatment with sodium citrate or argon plasma could reduce
the npA%xOF structure to the pristine npAgF with high SERS
activity.2 B132

The plasma-based fabrication of an npAgF is facile and
produces a uniform nanoporous structure on a large scale.
Unlike the dealloying method, it does not require an annealing
process at high temperatures to produce an alloy film or a
harsh etching process using corrosive chemicals. Thus, it can
be directly applied to various substrates, such as filter paper,
polystyrene (PS) film, and aluminum foil.*” This can allow
post-treatment of the substrate to produce more sophisticated
npAgF structures by using the unique characteristics of the
substrate, such as flexibility and contractibility.

Herein, we report a facile fabrication method for wrinkled
npAgFs (w-npAgFs) on a PS substrate for SERS applications.
After an npAgF was fabricated by applying consecutive O, and
Ar plasmas to the thermally deposited Ag film on the
prestrained PS substrate, quasi-periodic 3D wrinkles of the
npAgF were formed by the thermal contraction of the
prestrained PS substrate with the npAgF.

Studies have reported that the buckling of thin metal films
by the thermal contraction of an underlying substrate can
produce wrinkled films.*>** The close approach of plasmonic
nanoparticles or formation of nanogaps between nanopetals
induced by wrinkling considerably enhances the local electro-
magnetic field, which can be used for SERS or metal-enhanced
fluorescence.”> >’ Previously, a wrinkled npAuF (w-npAuF)
was fabricated for SERS applications by the transfer of a
dealloyed free-standing npAuF onto the prestrained PS
substrate and subsequent thermal contraction.*®** However,
unlike those in the dealloying-based fabrication of a w-npAuF,
all the steps in our plasma-based fabrication of w-npAgFs are
basically dry processes that do not require a wet-etching
process using corrosive chemicals or the transfer of film to
different substrates. Therefore, it is environmentally friendly
and simple.

The 3D wrinkles of the npAgF maintained its nanoporous
structure and showed approximately 8 times higher SERS
enhancement than did the flat npAgF. We also demonstrated
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that the w-npAgF can be reused for multiple SERS measure-
ments of different molecules using mild O, and Ar plasma
treatments after each use. The O, plasma could effectively
remove adsorbed organic molecules and the Ar plasma could
restore the pristine npAgF for subsequent SERS measure-
ments. Scanning electron microscopy (SEM) images con-
firmed that the wrinkled nanoporous structure was maintained
for reuse after multiple plasma treatments.

2. EXPERIMENTAL SECTION

2.1. Materials. A silver wire (¢1 X 10 mm long) for the
thermal deposition of the silver film was purchased from Woo
Jin Chemical (Seoul, Korea). The thermally contractible,
prestrained PS substrate (KSFS0, Grafix Shrink Film) was
purchased from Grafix (Ohio, USA). Rhodamine 6G (R6G),
crystal violet (CV), methylene blue (MB), and 4-amino-
thiophenol (4-ATP) were purchased from Sigma-Aldrich
(Darmstadt, Germany). Deionized (DI) water (18.2 MQ-
cm) was prepared by using a Milli-Q _system (Millipore).

2.2. Fabrication of the w-npAgF. The properly cut
prestrained PS substrates were cleaned in isopropanol for 1
min with sonication, rinsed with DI water, and dried by N,
blowing. Before loading the PS substrates in the thermal
evaporator for the deposition of the Ag film, the surface of the
PS substrates was activated by O, plasma for 1 min for better
adhesion of the Ag film. Then, a 100 nm thick Ag film was
deposited on the PS substrates at a rate of 1 A/s by thermal
vacuum evaporation under a pressure of 6.0 X 107® Torr. The
Ag-film-deposited PS substrates were cut into 1 X 1 cm” pieces
for plasma treatment to produce npAgFs. When the pressure of
the plasma chamber (PDC-32G-2, Harrick plasma) was
approximately 190 mTorr, the reaction gas was injected and
radio frequency power was applied. The Ag-film-deposited PS
substrates were first treated with O, plasma (8 sccm, 11 W) for
6 min and then with Ar plasma (12 sccm, 11 W) for 6 min to
produce npAgFs. To fabricate the w-npAgF, the fabricated
npAgF was heated at 140 °C for 1 min in a minielectric oven
(Tefal) after the oven was preheated. After heating, the w-
npAgF was treated again with mild Ar plasma (12 sccm, 7 W, 4
min) to remove possible silver oxidation before use for SERS
measurements.

2.3. Characterizations and SERS Measurements. The
morphologies of the npAgF and w-npAgF were investigated
using ultrahigh-resolution field-emission SEM (UHR FE-SEM,
Verios S UC, ThermoFisher, USA). The X-ray diffraction
(XRD) patterns were measured using a multipurpose X-ray
diffractometer (SmartLab, Rigaku, Japan, Cu Ka) and analyzed
using analytical software (SmartLab Studio II, PDF-2). For the
SERS measurements, dye solutions of R6G and CV in ethanol
and MB in water were prepared. The npAgF and w-npAgF
substrates were dipped in 5 mL of dye solutions at specific
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Figure 2. SEM images of the (a) 100 nm-thick planar AgF deposited on the PS substrate, (b) npAg,OF after O, plasma treatment, (c) npAgF after
Ar plasma treatment, and (d) w-npAgF structures at two different scales after thermal contraction of the PS substrate. The insets show photos of

each substrate.

concentrations overnight and then rinsed with each solvent. To
calculate the limit of detection (LOD) for 4-ATP, the
increasing concentration of 4-ATP in ethanol solution was
prepared, and 10 uL of each solution was dropped on the w-
npAgF. After drying, the Raman spectra of the substrates were
measured at room temperature using a custom-built Raman
system. The excitation light was a 785 nm continuous wave
laser with a power of 8.5 mW for the sample. The Raman
signal was detected using an NA 0.22 Raman probe (RIP-RPB-
785, Ocean Optics) for an acquisition time of 0.1 s with 100
accumulations.

3. RESULTS AND DISCUSSION

Figure 1 shows a schematic of the procedure for the fabrication
of the w-npAgF, and Figure 2 shows the corresponding SEM
images. First, a 100 nm Ag film was deposited onto the
prestrained PS substrate using a thermal evaporator (Figure
2a). Before the deposition of the Ag film, the surface of the PS
substrate was treated with O, plasma for 1 min for better
adhesion of the Ag film. Generally, a thin adhesion layer of Cr
or Au is necessary for adequate adhesion of a Ag film on a glass
or Si substrate.’! However, for a PS substrate, surface
activation by O, plasma, instead of an additional Cr adhesion
layer, was effective for adequate adhesion of the Ag film on the
substrate.*

The Ag film deposited on the PS substrate was treated with
O, plasma (8 sccm, 11 W) for 6 min to induce strong
oxidation of the silver surface. The internal stress accumulated
during the rapid growth of the oxide layer caused repetitive
cracking and finally resulted in a porous structure with pore
sizes on the order of 100 nm, as confirmed by SEM (Figure
2b).>" The XRD patterns show peaks of silver oxides (AgO/
Ag,0) without distinct Ag peaks (Figure 3). The peaks at 26 =
32.2 and 37.2° of the npAg,OF correspond to the (111) and
(200) Bragg peaks of AgO (ICDD 01-076-1489) or Ag,O
(ICDD 01-078-5868), respectively, with a cubic structure. This
demonstrates almost complete oxidation of the Ag film owing
to the small thickness (100 nm) of the AgF. This structure is
designated as npAg,OF.”’

The npAg,OF was further treated with Ar plasma (12 sccm,
11 W) for 6 min to reduce Ag,O to pristine Ag (npAgF). The
XRD pattern of the npAgF shows only Ag peaks. The peaks at
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Figure 3. XRD patterns of AgF, npAg,OF, npAgF, and w-npAgF.

20 = 38.1 and 44.2° correspond to the (111) and (200) Bragg
peaks of Ag, respectively, with a cubic structure (ICDD 01-
073-6859). This demonstrates the complete reduction of Ag,O
to pristine Ag. The npAgF exhibits slightly larger pores than
does the npAg,OF (Figure 2c). This is attributed to volume
contraction due to the removal of oxygen during the reduction
of Ag,O to Ag. The average pore diameter was evaluated to be
156 nm for 353 pores by Image] analysis (Figure S1).

To prepare the w-npAgF, the fabricated npAgF on a
prestrained PS substrate was heated at 140 °C for 1 min in an
oven under atmospheric pressure. By heating above the glass
transition temperature of PS (~95 °C), the prestrained PS
substrate contracted to 16% of the original area (AL/Lorig. =
0.6, AA/A;, = 0.84). This induced wrinkles in the npAgF on
the PS substrate (Figure 2d).*® The w-npAgF maintained the
original nanoporous structure of the nonwrinkled npAgF but
was more three-dimensional due to the increased height of the
wrinkles. This 3D characteristic of wrinkles is advantageous for
the adsorption of molecules because it increases the effective
surface area per projection area. Moreover, the w-npAgF has a
hierarchical structure consisting of both micrometer-sized
wrinkles and 100 nanometer-sized nanopores, which can
further facilitate the transport and adsorption of molecules on
the surface of the w-npAgF. To exclude the eftect of possible
oxidation during heating in the oven, the w-npAgF was treated
again by mild Ar plasma (12 sccm, 7 W, 4 min) after heating
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before use for SERS measurements. This is confirmed by the
XRD pattern, in which only pristine Ag peaks, and no Ag oxide
peaks, are identified (Figure 3). The plasma treatment and
heating did not induce a change in the crystallinity of the film,
as demonstrated by the similar fwhm of Ag(111) peaks in all
three structures of the w-npAgF, npAgF, and AgF (Figure S2).

To estimate the contribution of wrinkles to SERS enhance-
ment, the Raman intensity from R6G adsorbed on the w-
npAgF was compared with those on the npAgF and AgF
(Figure 4). For sufficient adsorption of R6G on the Ag surface,
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Figure 4. (a) Raman spectra of R6G adsorbed on the different
substrates at concentrations of 107> M for the AgF and 107° M for the
npAgF and w-npAgF. The spectra were acquired with 785 nm
excitation. The three representative peaks of R6G at 1308, 1358, and
1508 cm™" are marked with asterisks. (b) Comparison of the Raman
intensities from the npAgF and w-npAgF at three representative peaks
of R6G. Error bars represent the standard deviation of Raman
intensities acquired from 20 random regions of three similarly
fabricated substrates for both the npAgF and w-npAgF.

the substrates were immersed overnight in a solution of R6G in
ethanol and then rinsed with ethanol. An excitation laser of
785 nm wavelength (8.5 mW power at the sample) was used
for the nonresonant Raman scattering measurements to
minimize fluorescence and photobleaching of R6G, and the
Raman signal was detected using a Raman probe for an
acquisition time of 0.1 s with 100 accumulations. The baseline
of the Raman spectra was corrected by subtracting the
fluorescence background.*'

While the planar AgF shows weak Raman spectra even at the
R6G concentration of 10 mM, the npAgF and w-npAgF show
strong Raman peaks compared to the planar AgF at 1000 times
lower concentrations. The Raman peaks of the w-npAgF are
much stronger than those of the npAgF. The contribution of
wrinkles to the SERS enhancement was evaluated by

comparing the Raman intensities of three representative
peaks of R6G at 1308, 1358, and 1508 cm L9 To
compare the average Raman intensity, we measured and
averaged the Raman intensities of 20 random regions for each
of three similarly fabricated substrates, for both the npAgF and
w-npAgF. Since the Raman probe of NA 0.22 (RIP-RPB-78S,
Ocean Optics), not the micro-Raman setup with high NA
objective, was used for SERS measurements in our experiment,
signal fluctuation due to the substrate inhomogeneity on the
micrometer-scale wrinkles was not significant. (Standard
deviation was approximately 11% for three representative
peaks of R6G from the w-npAgF, Figure 4b).

The w-npAgF shows an approximately 8.4 times higher
SERS intensity than does the npAgF on average for three peaks
(7.2 times for the 1308 cm™" peak, 7.7 times for the 1358 cm™
peak, and 10.3 times for the 1508 cm™' peak). The analytical
enhancement factors (AEFs) of the npAgF and w-npAgF were
estimated to be ~5.8 X 10* and ~4.5 X 10°, respectively, for
the 1358 cm™' peak of R6G (Figure S3, Supporting
Information). This increment should be mostly caused by
the increased number of adsorbed molecules per projection
area due to the 3D wrinkle formation by the geometric
contraction of the area (1/0.16 = 6.25 times). In addition,
more vertically standing films in the wrinkled structure can be
advantageous for coupling with the laterally oscillatin§
electromagnetic field of vertically incident laser light.’
Moreover, possible cracking of the surface or close approach
of adjacent wrinkles can generate new hot spots and
additionally contribute to the SERS enhancement, although
it is not the dominant factor.

Notably, the wrinkle-induced increment in our npAgF is
smaller than the previously reported value in the npAuF
fabricated using the dealloying method, probably due to the
difference in pore and ligament sizes.”® The dealloying method
can produce much smaller pores and ligaments (several tens of
nanometers) than the plasma-induced method, and these small
ligaments can induce many sharp-cut crack edges due to the
fractured ligaments during formation of wrinkles. However, it
was hard to obtain the ligaments of several tens of nanometers
of thickness in the plasma-treated npAgF and these thick
ligaments were more plastically deformed rather than forming
sharp cracks during wrinkling. However, considering the
simplicity and eco-friendliness of the plasma-based fabrication
of the npAgF, it is still meaningful that an additional 8.4-fold
increase in SERS intensity can be attained by simple wrinkle
formation.

The fabricated w-npAgF was also applied for the SERS
measurement of different organic molecules, 4-ATP. Since the
4-ATP has a thiol group, it can strongly bind to the surface of
the npAgF. The SERS intensity at 1076 cm™" from different
concentrations of 4-ATP on the w-npAgF showed a linear
relationship (R* of 0.996) in the log—log scale for the range of
107°—1077 M (Figure Sa,b). The LOD was calculated to be 9.7
X 107® M from 3.3 times the standard deviation of the blank
samples.

Another advantage of plasma treatment is the reusability of
the w-npAgF substrate in SERS applications. O, plasma can
effectively remove organic molecules adsorbed onto substrates.
Thus, the O, plasma treatment has been used for cleaning
various substrates; however, it has seldom been used for Ag
substrates because of the undesirable oxidation of Ag. By
contrast, although Ar plasma does not cause oxidation, it is less
effective than O, plasma in removing organic molecules.**
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Figure 6. (a) SERS spectra from sequential measurements in the order of (i) R6G-adsorbed, (ii) plasma-cleaned, (iii) CV-adsorbed, (iv) plasma-
cleaned, (v) MB-adsorbed, and (vi) plasma-cleaned same w-npAgF substrates. After plasma cleaning, the SERS peaks from previous dyes almost
disappeared, enabling new SERS measurements using the same substrate for subsequent dyes. Comparison of SEM images of the (b) freshly
fabricated w-npAgF before any SERS measurement and (c) w-npAgF after three repeated SERS measurements and plasma-cleaning processes.

Consecutive O, and Ar plasma treatments can resolve both
effectiveness and oxidation issues by first effectively removing
the organic molecules using O, plasma and then reducing the
Ag oxides to pristine Ag using Ar plasma.

We demonstrated that short O, and Ar plasma treatments at
a low plasma power of 7 W could effectively remove the
organic molecules adsorbed on the w-npAgF without affecting
its original wrinkled nanoporous structure. The cleaned w-
npAgF substrates could be reused for SERS measurements of
different dyes without interference from their spectra. Figure 6
shows the SERS spectra obtained from three consecutive SERS
measurements of different dyes: R6G, CV, and MB using the
same w-npAgF substrate.”>** After the SERS measurement for
each dye, the w-npAgF substrate was cleaned using O, plasma
(8 sccm) and then Ar plasma (12 sccm) for 4 min each, at a
plasma power of 7 W before applying for the next SERS
measurement of new dyes. Because the SERS peaks from the
previous dyes mostly disappeared after each plasma treatment,
the same w-npAgF substrate could be reused for subsequent
SERS measurements in which the representative SERS peaks
of the corresponding dye could be distinctly identified without
significant interference from those of previous dyes. We also
checked the recovery of SERS intensity for the same dye, and it
was found that approximately half of the initial SERS intensity
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can be recovered even after S cycles of cleaning and
measurements (Figure S4).

We confirmed that multiple O, and Ar plasma treatments
did not affect the original structure of w-npAgFs. The SEM
image of the w-npAgF after three rounds of O, and Ar plasma
treatments for cleaning is similar to that of the original w-
npAgF (Figure 6b,c). By contrast, multiple O, and Ar plasma
treatments at a higher power (11 W) induced the fusion of Ag
ligaments, resulting in the disappearance of nanopores even
after treatment for 30 s (Figure SS). Therefore, under our
experimental conditions, mild O, and Ar plasma treatments at
a low power (7 W) were necessary to maintain the original
wrinkled nanoporous structure of a w-npAgF for multiple
reuses.

Previously, research revealed that an Ar plasma of 16.7 sccm
at a plasma power of 50 W for 5 min could completely remove
the 107° M rhodamine B adsorbed on the npAgF, although the
SEM images of the npAgF before and after the plasma
treatment were not compared.32 However, Ar plasma treat-
ment alone, using our plasma instrument (maximum power of
18 W), could not completely remove dyes adsorbed on the w-
npAgF, probably because Ar plasma is less effective in
removing organic molecules than O, plasma at the same
power.
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4. CONCLUSIONS

We successfully fabricated a w-npAgF with both micrometer-
scale 3D wrinkles and 100 nanometer-scale nanopores by
applying successive O, and Ar plasma treatments to a planar
silver film deposited on a thermally contractible, prestrained PS
substrate. Owing to its 3D hierarchical structure, the w-npAgF
had a large surface area for molecular adsorption per unit of
projection area. Moreover, the bending of the nanoporous film
or the close approach of adjacent wrinkles could generate
additional hot spots. For these reasons, the w-npAgF showed
an 8.4 times higher sensitivity than did the nonwrinkled npAgF
for the SERS measurement of R6G. The AEF of the w-npAgF
was estimated to be 4.5 X 10° for a 1358 cm™" peak of R6G
with 785 nm laser excitation. The LOD for 4-ATP using the w-
npAgF was calculated to be 9.7 X 107® M. The w-npAgF could
also be reused for multiple SERS measurements of different
dyes after mild O, and Ar plasma cleaning, which did not
change the original wrinkled nanoporous structure, as
confirmed by SEM. As these fabrication and cleaning methods
for w-npAgFs do not require any wet-etching process using
corrosive or toxic chemicals, they are environmentally friendly
and simple. Therefore, the plasma-based fabrication of w-
npAgFs is a promising Ag-based 3D SERS platform for the
green production of low-cost, sensitive, and reusable SERS
substrates.
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