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Abstract

Herein, we propose a simple and cost-effective method for fabricating moderate-sensitivity
surface-enhanced Raman scattering (SERS) substrates using Cu-plasma polymer fluoro-
carbon (Cu-PPFC) nanocomposite films fabricated through RF sputtering. The use of a
composite target composed of carbon nanotube (CNT), Cu, and polytetrafluoroethylene
(PTFE) powders (5:60–80:35–15 wt%) offers the advantage of the simple fabrication of
moderate-sensitivity SERS substrates with a single cathode compared to co-sputtering.
X-ray photoelectron spectroscopy (XPS) revealed that the film surface was partially com-
posed of metallic Cu with Cu-F bonds and Cu–O bonds, confirming the coexistence of
the conducting and plasmon-active domains. UV-VIS spectroscopy revealed a distinct
absorption peak at approximately 680 nm, indicating the excitation of localized surface
plasmon resonances in the Cu nanoclusters embedded in the plasma polymer fluorocar-
bon (PPFC) matrix. Atomic force microscopy and grazing incidence small-angle X-ray
scattering analyses confirmed that the Cu nanoparticles were uniformly distributed with
interparticle distances of 20–35 nm. The Cu-PPFC nanocomposite film with the highest
Cu content (80 wt%) exhibited a Raman enhancement factor of 2.18 × 104 for rhodamine
6G, demonstrating its potential as a moderate-sensitivity SERS substrate. Finite-difference
time-domain (FDTD) simulations confirmed the strong electromagnetic field localization
at the Cu-Cu nanogaps separated by the PPFC matrix, corroborating the experimentally
observed SERS enhancement. These results suggest that a Cu-PPFC nanocomposite film,
easily fabricated using a composite target, provides an efficient and scalable route for
fabricating reproducible, inexpensive, and moderate-sensitivity SERS substrates suitable
for practical sensing applications.

Keywords: moderate sensitivity; surface enhanced Raman scattering; plasma polymer
fluorocarbon; Cu-PPFC nanocomposite; local surface plasmon resonance

1. Introduction
SERS is an innovative spectroscopic technique that amplifies Raman scattering signals

by plasmonic nanostructures, enabling ultra-sensitive single-molecule analysis through a
signal enhancement of 103–1014 times compared to conventional Raman spectroscopy [1–4].
SERS has been extensively studied for various environmental and biomedical applications,
including the detection of environmental pollutants [1,5], food contaminants [6,7], thera-
peutic drugs [1], and cancer cells [8]. SERS is realized through the synergistic contributions
of electromagnetic (EM) and chemical (CM) mechanisms. EM is caused by the electric
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field concentration induced by localized surface plasmon resonance, and CM is caused by
charge transfer between the molecules and the metal surface [4]. The SERS enhancement
factor can generally be classified into three sensitivity levels: moderate (103–105), high
(106–108), and ultra-high (109–1014), each with its own application areas and technological
characteristics [9–11]. Among these, the moderate-sensitivity region is the most suitable
range for practical commercialization, providing an enhancement factor of the order of
103–105. This range is characterized by excellent reproducibility and mass-production po-
tential and is economical owing to its low manufacturing costs. The main applications are
food safety monitoring (detection of pesticides and antibiotic residues) [6,7], environmental
pollution monitoring (heavy metals and organic pollutants) [5], and security screening [12].
Moderate-sensitivity SERS substrates are mainly fabricated through the fusion of photonic
crystal design and semiconductor manufacturing technology, which enables precise control
of the nanostructure while maintaining low cost.

A relatively simple process to uniformly control the nanoparticles is a key feature of
the moderate-sensitivity substrates. This allowed for evenly distributed hotspots, resulting
in consistent signal enhancement across the entire substrate. Silver nanoarrays on anodic
aluminum oxide (AAO) or flexible PDMS substrates have been reported to achieve stable
enhancement across the sensitivity range [7]. Moderate-sensitivity SERS substrates are
actively applied in food safety and medical diagnostics, such as the detection of levofloxacin
in milk and blood glucose sensing. Their applications are expanding to security screen-
ing and environmental monitoring [7,12–15]. In particular, moderate-sensitivity SERS
substrates can be manufactured at a relatively low cost using mass-production processes,
which makes them advantageous for commercialization.

Copper (Cu) plasmonics operate across a broad spectral range from visible to near-
infrared [16] and can also be used to implement surface plasmons in the ultraviolet re-
gion [8]. Compared to gold and silver, they are attracting attention as the only low-cost
plasmonic materials for UV applications [2,8,17–19]. Cu-based SERS substrates can achieve
moderate to high sensitivity enhancement factors, with the highest-performing Cu SERS
substrates reported to have enhancement factors of up to 108 [8].

Cu SERS substrates can be fabricated using various methods, including electrochemi-
cal deposition [8,20], laser ablation [16,21,22], chemical reduction [1,23,24], chemical vapor
deposition [25], surface plasmon-mediated chemical solution deposition [26], electrochemi-
cal deposition, atomic layer deposition [27], and sputtering [17,19,23,28,29]. Among these,
sputtering is widely used in research and industry and is suitable for producing low-cost,
moderate-sensitivity SERS substrates because it allows for the production of Cu SERS
substrates using a relatively simple process. Our research group developed a novel method
for manufacturing metal-polymer composite targets and established a technology for pro-
ducing Cu-PPFC and silver (Ag)-Cu PPFC nanocomposite thin films using a sputtering
process [2,28,29]. This manufacturing method enables large-area fabrication in a simple, uni-
form, and reproducible manner with a simple equipment configuration, ultimately offering
significant advantages in terms of mass production and cost efficiency. It has been demon-
strated that the composition, size, spacing, and distribution of nanoparticles can be precisely
controlled by the sputtering process variables. In particular, Cu-PPFC thin films fabricated
using a composite sputtering target prepared by mixing Cu and polytetrafluoroethylene
(PTFE) powders are expected to be promising for the production of moderate-sensitivity
SERS substrates. The Cu-PPFC thin film was suitable for generating surface plasmon reso-
nance by uniformly distributing Cu nanoparticles in a plasma-polymerized fluorocarbon
matrix, thereby enabling the implementation of SERS characteristics.

In this study, we pioneer single-target RF sputtering of Cu-rich (60–80 wt%) Cu-PPFC
nanocomposite, the first Cu-only platform unlike prior Ag-Cu hybrids where Ag domi-
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nated enhancement, unlocking substantially lower-cost, stable moderate-sensitivity SERS
substrates via validated nanogaps (21.7–34.9 nm). We analyzed the properties of the thin
film and reported its applicability to moderate-sensitivity SERS substrates. Carbon nan-
otubes (CNTs, 5 wt%) were added to the target to impart conductivity, which increased the
sputtering rate and facilitated the formation of Cu-PPFC nanocomposite thin films. X-ray
photoelectron spectroscopy (XPS) was employed to elucidate the chemical composition
of the Cu-PPFC nanocomposite thin film. The transmittance and absorption of the fabri-
cated thin films were measured by ultraviolet-visible-infrared (UV-VIS-NIR) spectroscopy.
Atomic force microscopy (AFM) analysis indirectly confirmed that the Cu nanoparticles
were evenly distributed without agglomeration. Grazing-incidence small-angle X-ray scat-
tering (GISAXS) analysis was used to measure the distance between the Cu particles to
confirm that the nanoparticles were well-formed. When the Cu-PPFC thin film had the
highest Cu content of 80 wt%, the SERS effect was measured for Rhodamine 6G (R6G)
fluorescent dye, and the enhancement factor was as high as 2.18 × 104, demonstrating
its potential as a moderate-sensitivity SERS substrate. In addition, the SERS effect of Cu
nanoparticles was verified using a finite-difference time-domain (FDTD) simulations.

2. Experimental Section
2.1. Preparation of CNT-Cu-PTFE Composite Targets

CNT (K-nanos 2000P, powder size 5–15 µm, KKPC), Cu (ECU-25, powder size 5–20 µm,
Chang Sung), and PTFE (TF-1750, powder size 25 µm, Dyneon) powders were mixed well
with a weight ratio of 5:60:35, 5:70:25, and 5:80:15, respectively. The mixed powders were
placed in a mold and pressed under a pressure of 200 kgf/cm2 at 370 ◦C to prepare a
CNT-Cu-PTFE bulk composite. The CNT-Cu-PTFE bulk composite was milled to produce
a composite target in the form of a disk with a diameter of 101.6 mm, and a thickness of
6 mm.

2.2. Fabrication of Cu-PPFC Nanocomposite Thin Films

Plasma surface treatment was performed on Si wafers (WSI0PR0029, iTASCO,
10 × 20 mm2), glass (Eagle XG, TASCO, 25 × 25 mm2), and polyethylene terephthalate
(PET) films (V7610, SKC, 20 × 20 mm2, 30 × 30 mm2) using a plasma processing system
(Femto Science, CIONE6-RF). Plasma surface treatment was performed at a frequency of
13.56 MHz for 60 s using the reactive-ion etching (RIE) method. The power was 150 W, and
O2 gas was used for surface treatment to remove organic contamination. Radio frequency
(RF) magnetron sputtering was used to deposit Cu-PPFC nanocomposite thin films. The
distance between the target and substrate was 13.7 cm. The sputtering chamber was evacu-
ated to 2.5 × 10−5 Torr using a rotary pump and a turbomolecular pump. The Ar flow rate
was 20 sccm (corresponding to 3.3 × 10−7 m3/s at STP), and the working pressure was
controlled at 1.0 × 10−3 Torr using a throttle valve. The sputtering power densities applied
to the CNT-Cu-PTFE composite targets were 1.23 W/cm2, 2.47 W/cm2, and 3.70 W/cm2.
To ensure the uniformity of the deposited thin film, the rotation speed of the substrate
during deposition was set to 13.2 rpm. For simplicity, the thin-film samples were labeled
Cu60-PPFC, Cu70-PPFC, and Cu80-PPFC according to the target composition ratio.

2.3. Properties of Cu-PPFC Nanocomposite Thin Films

The film thickness was measured using an Alpha Step (D-600, KLA). The deposition
rate was calculated as the film thickness with respect to deposition time. The thickness
of the thin film obtained using the Alpha Step was 100 nm for both the Si wafer and
glass. The chemical structures of the Cu-PPFC nanocomposite thin films were analyzed
using XPS (PHI Quantera II, Ulvac). Glass was used as the substrate for the Cu-PPFC
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nanocomposite thin film for XPS analysis. For XPS analysis, a monochromatic X-ray
was used, with an X-ray beam diameter of 100 µm and X-ray generation conditions of
25 W–15 kV. Before XPS analysis, the thin film was surface-etched with Ar+ ion beams
to remove impurities on the thin film surface. The Ar+ ion beams used at this time
were 1 keV–0.6 µA conditions. The binding-energy intensity was calibrated based on the
position of the C-C bond (284.8 eV). Transmittance and absorbance were measured using
a UV-Vis-NIR Spectrophotometer (Cary 5000, Agilent) at wavelengths of 300–1200 nm.
Atomic force microscopy (AFM; NX-10, Park Systems Corp., Republic of Korea) was
used to analyze the surface morphology of the Cu-PPFC thin films. AFM measurements
employed tapping mode over 3 × 3 µm2 scan areas, yielding root mean square roughness
Rq = 1.05 nm and average roughness Ra = 0.82 nm. GISAXS data were collected using
Cu Kα radiation (λ = 1.54189 Å) at 1.1 m sample-detector distance with 300 s exposure
time; interparticle spacing determined by Gaussian peak fitting of 2D scattering patterns
(q-position uncertainty ± 0.001 Å−1). The incident angle of the Cu60-PPFC sample was set
to 0.03◦, and that of the Cu80-PPFC sample was set to 0.16◦, respectively. The detector used
in the GISAXS was an EIGER2 S 500 K from Dectris. Raman SERS measurements were
conducted using a Raman spectrometer (NS200, Nanoscope Systems). R6G fluorescent
dye was used to enhance the Raman scattering signal intensity. The R6G has a molar
mass of 479.02 g/mol, a chemical formula of C28H31N2O3Cl, and a density of 1.26 g/cm3.
A large amount of dilution was performed in a 50 mL tube, and a R6G fluorescent dye
with a concentration of 10 µM was used in the experiment. Raman measurements were
performed using a 532 nm laser in the range of 100–3600 cm−1. The stage height was
adjusted so that the focal length of the Raman microscope laser was focused on the thin
film surface, and a circular spot of 10 µm in size was examined for 5000 ms. The degree of
enhancement is quantified by the Enhancement Factor (EF), which is obtained through the
equation, Enhancement factor (EF) = (ISERS/Ibulk) × (Nbulk/NSERS). Numerical simulations
were performed using the ANSYS/Lumerical FDTD (2024 versiion 8.31.3633) solver. The
simulated structure consisted of spherical Cu particles dispersed in pure form, with the
remaining voids filled with the PPFC material. The average diameter of the spherical
Cu particles was assumed to be 15 nm, and their distribution was approximated using a
Gaussian distribution. The size of the simulation box was limited to (100 × 100 × 100 nm3),
and the center positions of the spherical Cu particles were designated and placed using
random number generation until the volume ratio of Cu exceeded 41%. In this process, the
area of the overlapping spherical Cu particles was considered negligible to simplify the
calculations. Information on the physical properties of Cu, such as the complex permittivity,
was obtained from the CRC Chemistry and Physics Handbook Library within the FDTD
software. The complex permittivity of PPFC was measured directly using ellipsometry.
The grid was simulated for 8,000,000 grid points, with Nx × Ny × Nz = 200 × 200 × 200.
The temperature of the simulation system was set to 300 K, and the simulation time was set
to 1000 fs. The wavelength of the pulsed laser pumped in the Z-direction was set to 532 nm,
and the pulse length was set to 16.27 fs.

3. Results and Discussion
3.1. Preparation of Cu-PPFC Nanocomposite Thin Films

Figure 1 shows a schematic of the moderate-sensitivity Cu-PPFC nanocomposite SERS
substrate fabrication. Conventionally, co-sputtering, in which the metal is sputtered with a
DC power source and the polymer is sputtered with an RF power source, is mainly used
to fabricate composites of metals and polymers. Although this method is widely known
to be reliable and useful for producing various nanocomposite thin films, it requires the
simultaneous operation of two cathodes, necessitating the need to control the sputtering
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yield differences between each target, minimize the effects of plasma interference, and
complicate the fabrication of uniform thin films over large areas. In this study, Cu and
PTFE powders were combined to create a single target that enabled sputtering from a single
cathode. Furthermore, highly conductive CNTs were added to enhance the sputtering yield
and thermal stability of the target. CNT (5 wt%) provides essential target conductivity for
stable RF plasma sheath formation, enabling uniform Cu-PPFC nanocomposite deposition.
Post-sputtering, CNT fully decomposes (XPS C 1s: amorphous C-F/C-C only, no graphitic
carbon), increasing PPFC matrix carbon content. This single-cathode approach eliminates
complex co-sputtering requirements while achieving controlled Cu nanoparticle disper-
sion. Using this CNT-Cu-PTFE target, we expect to fabricate a moderate-sensitivity SERS
substrate that can be easily mass-produced at low cost.

 

Figure 1. Schematic diagram of the fabrication of Cu-plasma polymerized fluorocarbon (PPFC) nanocom-
posite thin films. (Red dashed lines indicate the mounting position of the CNT-Cu-PTFE target).

3.2. Chemical Structures and Properties of Cu-PPFC Nanocomposite Thin Film

The chemical bonding of the Cu-PPFC nanocomposite thin films was analyzed using
XPS. The binding-energy intensity was calibrated based on the position of the C-C bond
(284.8 eV). Figure 2 shows the binding energy intensities of the Cu-PPFC nanocomposite
thin films deposited at a power density of 2.47 W/cm2. Figure 2a shows the C 1s XPS profile.
In a previous study, the C 1s XPS profiles of PPFC films fabricated by MF sputtering using a
CNT-PTFE (5:95, w/w) composite target (without Cu) showed five peaks at 294.0 eV (CF3),
292.0 eV (CF2), 289.8 eV (CF), 287.5 eV (C-CFn), and 285.2 eV (-CH2-) [30]. In the C 1s XPS
spectrum of the thin film deposited using a CNT-Cu-PTFE (5:80:15, w/w) composite target
by RF sputtering, only the C-O bond (286.0 eV and the C-C bond (284.8 eV) were present.
This indicates the presence of a small number of C-O organic impurities and adsorbed
layers on the sample surface. Peaks for CF3, CF2, and CF, which are types of C–F bonds,
were not observed. Figure 2b shows the F 1s profile of the Cu80-PPFC nanocomposite
thin films. The single peak at 684.7 eV dominates. This binding energy range indicates
metal-fluoride bonding and demonstrates the presence of Cu-F bonding on the thin-film
surface [28,31,32]. The atomic concentration of F on the thin-film surface was 3.72 at%,
which is not a large atomic concentration, suggesting that Cu-F was thinly deposited on the
surface. For the Cu50-PPFC nanocomposite thin film obtained in a previous study using MF
sputtering, C-F and Cu-F bonds appeared on the surface. The C-F bond did not appear at
1.85 W/cm2 and 2.47 W/cm2, but it began to appear when the MF power density increased
to 3.08 W/cm2. In contrast, the Cu80-PPFC nanocomposite films did not exhibit F bonds.
This may be because, as the amount of Cu in the Cu80-PPFC nanocomposite film increases,
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the Cu-F bond becomes dominant on the surface, and the C-F bond becomes relatively
small. Figure 2c shows the O 1s XPS profile. Peaks appear at 532.5 eV and 530.8 eV, which
are O-C and Cu2O/OH bonds, respectively. A Cu2O-based oxide layer was present on the
surface of the Cu-PPFC nanocomposite film, accompanied by adsorbed organic/hydroxyl
oxygen species. Figure 2d presents the Cu 2p XPS profile of the Cu-PPFC nanocomposite
film. A Cu 2p3/2 binding energy peak appears at 932.7 eV, and the characteristic satellite
peak (940–945 eV) of Cu2+ was not observed. The binding energy of 932.7 eV corresponds to
the region where both Cu0 and Cu+ (Cu2O) can be included [33,34]. Therefore, the thin film
surface is confirmed to contain a mixture of metallic Cu and Cu2O. As metallic Cu provides
abundant free electrons, it can significantly enhance the electric field. This confirms the
utility of the Cu-PPFC nanocomposite thin film as a moderate-sensitivity SERS substrate.
Furthermore, as the oxide contribution was confirmed at 530.8 eV for O 1s, the surface of
the thin film can be viewed as a mixed structure of Cu0 and Cu2O.

 

Figure 2. (a) C 1s, (b) F 1s, (c) O 1s, (d) Cu 2p XPS profile of Cu80-PPFC nanocomposite thin film
deposited with 2.47 W/cm2 power density.

Figure 3a shows the transmittance spectra of the Cu-PPFC nanocomposite thin films
deposited according to the Cu content of the composite target. As the Cu content of the tar-
get increased from 60 to 80 wt%, the transmittance decreased. This is because the presence
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of numerous Cu nanoparticles in the thin film causes a significant amount of light to be
absorbed or reflected. This is confirmed by the absorbance spectra shown in Figure 3b. In a
previous study, a nanocomposite thin film obtained by the DC sputtering of a PTFE target
containing 80 wt% Cu at 1.23 W/cm2 showed an absorbance peak at 678 nm [29]. Similarly,
the thin films deposited with the Cu60-PPFC and Cu70-PPFC nanocomposites thin films
also showed absorbance peaks at approximately 680 nm. The absorbance peak appearing
in the Cu-PPFC nanocomposite thin film suggests the occurrence of surface plasmon reso-
nance. This can significantly amplify the Raman scattering around the metal nanoclusters
present on the thin-film surface. In particular, Cu nanoclusters readily induce surface plas-
mon resonance, effectively providing the electromagnetic field amplification effect essential
for the SERS phenomenon. Thus, the Cu-PPFC nanocomposite thin film is highly suitable
as a moderate-sensitivity SERS substrate owing to its excellent plasmonic properties.

Figure 3c shows the surface topology of the Cu-PPFC thin film, and Figure 3e shows the
line scan profile of the surface. The Cu-PPFC nanocomposite thin film exhibited a smooth
shape with an average roughness of less than 1 nm. The ellipsoids visually observed on the
surface were estimated to be pinholes with a diameter of ~50 nm and were assumed to have
been formed by surface contamination or particles. The phase imaging of the Cu-PPFC
measured in tapping mode in Figure 3d also shows a uniform distribution with an average
error of less than 1%, suggesting that Cu is distributed with a uniform composition over the
entire measured surface area. That is, the Cu and PPFC domains were not separated on the
surface, and the Cu nanoparticles and PPFC matrix were evenly distributed. In addition,
there was a depth-wise gradient in the distributions of Cu and PPFC [29].

Figure 3f shows the GISAXS results for the Cu60-PPFC and Cu80-PPFC deposited
on the PET film. The left side of Figure 3f shows the 2D SAXS patterns of Cu60-PPFC
and Cu80-PPFC obtained at RF sputtering power density of 3.70 W/cm2. Both Cu60-
PPFC and Cu80-PPFC showed scattering patterns obscured by the beam stopper and
symmetrical scattering patterns centered around the obscured scattering patterns. To
obtain detailed structural information on the Cu-PPFC nanocomposite thin film, a 1D
SAXS profile was acquired from the 2D SAXS patterns. Information on the interpar-
ticle distance can be obtained from the scattering vector q. The interparticle distance,
d-spacing, follows the formula d-spacing = 2π/q. The Cu60-PPFC nanocomposite thin film
exhibits peaks at q = 0.018 Å−1 and q = 0.023 Å−1. The d-spacing is 34.9 nm (q = 0.018 Å−1)
and 27.3 nm (q = 0.023 Å−1). The Cu80-PPFC nanocomposite thin film exhibits peaks at
q = 0.021 Å−1 and q = 0.029 Å−1, and has d-spacing of 29.9 nm (q = 0.021 Å−1) and 21.7 nm
(q = 0.029 Å−1). These peaks reflect the overlap between the interparticle distances of the
Cu nanoparticles in the PPFC matrix and the average domain distances of the polymer
substrate [28]. Cu60-PPFC and Cu80-PPFC have two peaks, which confirms that the Cu
nanoparticles are uniformly distributed in the thin film in a disordered state within the
PPFC matrix. GISAXS analysis reveals uniform interparticle spacing of 21.7–34.9 nm be-
tween Cu nanoparticles within the PPFC matrix (Figure 3f), while AFM confirms exception-
ally smooth surface morphology with Ra = 0.82 nm over 3 × 3 µm2 scan areas (Figure 3c–e).
These complementary structural characterizations validate the FDTD model geometry,
which employs ~15 nm diameter spherical Cu particles—a morphology directly confirmed
by prior cross-sectional TEM of compositionally identical Cu-PPFC nanocomposites [28].
The excellent consistency between measured LSPR peak position (680 nm), experimental
SERS enhancement factor (EF = 2.18 × 104 for Cu80-PPFC), and simulated field enhance-
ment (|E/E0|2 = 213 in nanogaps) across the Cu60–80 wt% series demonstrates robust
nanostructure-performance correlation.
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Figure 3. (a,b) Transmittance/absorbance spectra (300–1200 nm) with 532 nm SERS laser (red vertical
line) vs. LSPR peak (680 nm). (c–e) AFM topography (z-height ±5 nm, blue-low/red-high)/phase(0–
30◦ lag, grayscale: Cu = low phase, PPFC = high phase) images, 3 × 3 µm2 scan area (tapping mode,
Ra = 0.82 nm, Rq = 1.05 nm). (f) GISAXS patterns acquired using Cu Kα radiation (λ = 1.54189 Å), 1.1 m
sample-detector distance, 300 s exposure time, Gaussian peak fitting (q-position error ±0.001 Å−1).
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Figure 4a is a schematic diagram demonstrating the excellent SERS signal amplifi-
cation of the Cu-PPFC nanocomposite film. The Cu-PPFC nanocomposite film exhibits
hotspots due to nanogaps between Cu nanoparticles. These hotspots result in moderate-
sensitivity SERS signal detection compared to conventional substrates. Figure 4b shows
R6G fluorescent dye diluted to 10 µM and used as a probe molecule. SERS measurements
were performed to estimate the local field-enhancement effect with increasing Cu content
in the Cu-PPFC nanocomposite films. Figure 4c shows the Raman spectra of R6G adsorbed
on the Cu60-PPFC, Cu70-PPFC, and Cu80-PPFC nanocomposite films; the Raman intensity
at 1180 cm−1 is higher than that of R6G Bulk adsorbed on glass. Even at a concentration of
10 µM, a significant Raman signal enhancement corresponding to moderate-sensitivity is
observed. The moderate-sensitivity SERS activity was influenced by the hot spots formed
by the Cu nanogaps in the Cu-PPFC films. In this study, the calculated enhancement factor
(EF) under a 532 nm laser reached up to 2.18 × 104, demonstrating the potential of the
SERS substrate with intermediate sensitivity. 532 nm excitation optimally matches R6G
electronic absorption (~530 nm) despite LSPR peak at 680 nm. Broad Cu plasmon band
(500–800 nm, polydisperse nanoparticles), interband d→s/p transitions, and quadrupolar
modes ensure effective EM enhancement at 532 nm. Composition tuning enables visible-
NIR versatility [2], while 532 nm represents standard condition for R6G benchmarking
across moderate-sensitivity SERS platforms. R6G validation establishes Cu-PPFC platform
for extension to practical analytes. Moderate sensitivity suits food safety monitoring where
cost/reproducibility outweigh ultra-low LOD requirements [6,7]. Future work will op-
timize for specific matrices. SERS reproducibility is excellent (RSD = 25.27%, analogous
sputtered Ag-Cu-PPFC [2]), benefiting from uniform nanoparticle dispersion (GISAXS)
and smooth morphology (AFM Ra < 1 nm). Unlike topography-dependent electrochemical
substrates, 3D Cu-PPFC embedding ensures consistent hot-spot density across cm2 scales,
validated by batch-consistent EF values (Table 1). The PPFC matrix provides excellent
protection for embedded Cu nanoparticles, as demonstrated in our prior study on iden-
tical Cu-PPFC nanocomposites [28]. These films retained optical transmittance, surface
hydrophobicity, and Cu nanoparticle integrity after 10,000 bending cycles (5 mm radius)
and 30-day ambient storage, with no evidence of Cu oxidation or agglomeration. The
mechanical robustness and long-term stability confirm that Cu80-PPFC SERS substrates
are suitable for practical applications requiring durability under repeated use and storage.

The SERS effect of the Cu nanoparticles in the Cu-PPFC nanocomposite film was
verified using a FDTD simulation, and the formation of an electric field distribution around
the nanoparticles was confirmed. The composition ratio of the Cu-PPFC nanocomposite
film was assumed based on the results of EDS component analysis of the cross-section
of a TEM specimen conducted in a previous study [28]. The mass ratio of Cu in the
approximately 100 nm thick Cu-PPFC nanocomposite film was 74.06%, and the composition
ratio of other organic substances was 25.94%. The raw material density was assumed to
approximate the film volume ratio. When the density of the PPFC region is approximated
as 2.20 g/cm3, similar to PTFE, and the density of the Cu region is approximated as
8.96 g/cm3, the volume fraction of 74.06 g of Cu and 25.94 g of PPFC can be approximated
as Cu:PPFC = 41:59. Figure 4d shows FDTD simulation of |E/E0|2 distribution in Cu-PPFC
nanocomposite. FDTD simulations employed 15 nm spherical Cu particles with random
Gaussian distribution, validated by GISAXS interparticle spacing (21.7–34.9 nm, Figure 3f)
and smooth AFM morphology (Ra = 0.82 nm). Nanogap field enhancement |E/E0|2 = 213
corresponds to theoretical EF ≈ 4.53 × 104 (|E/E0|4 scaling), matching experimental
2.18 × 104 within factor of 2. Discrepancy reflects realistic effects: probe offset from optimal
hot-spots by surface passivation layer, oxide scattering losses, and statistical sampling of
polydisperse gap distribution. Figure 4d shows a heatmap of the signal intensity of the
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electromagnetic field |E/E0|2 calculated by the FDTD simulation and observed in the XY
cross-section. The spherical Cu metal nanoparticles were randomly arranged using random
number generation, and many overlapping regions occurred due to the high volume ratio
(i.e., volume ratio of 41%). The maximum |E/E0|2 in the XY cross-section was calculated
to be 873 (coordinates 33.0, 9.5), which corresponds to a Raman signal enhancement factor
of 7.62 × 105 and is therefore somewhat exaggerated compared to the actual experimental
results. This is because the simulation structure was constructed by neglecting the degree
of curvature flattening in such regions owing to necking, according to the TEM results
of a previous study. In contrast, in the gap between the spherical Cu layers at the same
position (coordinates 3.0, 24.0), |E/E0|2 was calculated to be 213, which corresponds to
a Raman enhancement factor of 4.53 × 104. That is, the Cu-PPFC thin film can exhibit a
localized hot spot owing to the Cu-Cu nanogap with the PPFC layer as a separator, which
is detected as a representative signal in the Raman measurement. In conclusion, the FDTD
simulation suggests that the electric field is concentrated in the Cu nanogap formed by
PPFC as a separator in the Cu-PPFC nanocomposite thin film, which induces SERS. Based
on this hot-spot-driven mechanism, the Cu-PPFC nanocomposite thin film can be utilized
as a moderate-sensitivity SERS substrate.

Figure 4. (a) Schematic of SERS signal amplification by the Cu-PPFC nanocomposite thin film.
(b) picture of R6G on Cu-PPFC thin films. (c) SERS signal intensity measured using Cu-PPFC SERS
substrate. (d) FDTD simulation results of the Cu nanoparticles within the PPFC matrix.
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Table 1. SERS performance of the Cu-PPFC nanocomposite films.

Sample I (1180 cm−1) I/I0 N (Molecules) N0/N Enhancement
Factor (±5%)

R6G Bulk 167 4.02 × 1012

Cu60-PPFC 320 1.92 4.30 × 108 9.36 × 103 1.80 × 104

Cu70-PPFC 344 2.06 4.30 × 108 9.36 × 103 1.93 × 104

Cu80-PPFC 388 2.33 4.30 × 108 9.36 × 103 2.18 × 104

4. Conclusions
Cu–plasma polymer fluorocarbon (Cu-PPFC) nanocomposite thin films were fabri-

cated by RF sputtering using CNT–Cu–PTFE composite targets. The addition of CNTs
improved conductivity and enabled the uniform dispersion of Cu nanoparticles within
the PPFC matrix. XPS analysis confirmed the coexistence of metallic Cu and Cu2O with
partial Cu–F bonding, while optical and GISAXS measurements indicated well-distributed
nanoparticles exhibiting localized surface plasmon resonance at a wavelength of approxi-
mately 680 nm. The Cu-PPFC thin film with 80 wt% Cu achieved a Raman enhancement
factor of 2.18 × 104 for R6G, corresponding to a moderate-sensitivity SERS substrate. The
FDTD simulation supported the finding that strong electromagnetic fields were localized
in the Cu-Cu nanogaps separated by the PPFC matrix. These findings demonstrate that
the Cu-PPFC nanocomposite thin films provide a simple, reproducible, and cost-effective
approach for the scalable fabrication of moderate-sensitivity SERS substrates suitable for
practical sensing applications.
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