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Surface-enhanced Raman spectroscopy (SERS) depends on the development of a nanostructured
substrate on which the excitation of a localized surface plasmon enhances the Raman scattering signals.
Herein, we proposed a large-area three-dimensional (3D) pine needle with a dewdrop array (PNDA)
nanostructure that can be easily fabricated via a film deposition technique with the help of a self-
assembled polystyrene microsphere template and ultra-thin anodized aluminum oxide mask.
Electromagnetic hotspots generated at the cracks or gaps between adjacent island structures of the
PNDA are responsible for the SERS enhancement factor of 6.7 x 10° when the structural parameters of
the PNDA substrate are optimized. Experiments demonstrated that the rhodamine 6G (R6G) molecule
can be probed with the PNDA substrate at the lowest concentration of 107° M using SERS. The
homogeneity of the substrate was confirmed by verifying the relative standard deviation (RSD) of Raman
spectra at different sites (6.5% at 611 cm™ and 8.3% at 1652 cm™Y). Moreover, crystal violet (CV)
molecules were probed using our SERS experiment at the lowest detection concentration of 1078 M.
The results confirm that the PNDA structure is a reliable and sensitive SERS substrate to detect trace
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a sensitive vibra-
tional spectroscopy technique that can detect a molecular finger-
print at extremely low concentration. SERS technology has been
broadly applied in various fields of biomedicine,"™ environment
monitoring,>® food safety’'® and photocatalysis.'*™** The high
sensitivity of SERS detection is attributed to the electromagnetic
“hotspots” at the sharp tip'*" or confined gap'®™® of the metallic
nanostructures because of their local surface plasmon resonance.
For the development of a sensitive SERS technique, the fabrica-
tion of metallic nanostructures that allow dense and uniform
“hotspots” is particularly important.

Classical top-down techniques of electron beam lithography
(EBL),">*° nanoimprint lithography (NIL)**** and focused ion
beam (FIB) lithography*** have been utilized to fabricate
ordered nanostructures as SERS substrates owing to their
accurate controllability and remarkable uniformity. However,
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amounts of pollutants in an aquatic environment.

these techniques suffer from the limitations of being expensive,
having a low throughput and being time-consuming. To circumvent
the above limitations, certain low-cost fabrication methods, includ-
ing displacement Talbot lithography (DTL),> electrodeposition,>®*”
microsphere lithography*®*>° and anodized aluminum oxide
(AAO),*'** were developed to fabricate large-area ordered SERS
substrates. Among these low-cost methods, fabrication with a
monolayer of polystyrene (PS) microsphere template®**> or ultra-
thin AAO (UTAAO) mask®**” is more attractive owing to its high
throughput and low cost. Many two-dimensional (2D)'****® and
three-dimensional (3D)"""*?**% ordered arrays of nanostructures
have been fabricated using the self-assembled PS microsphere
template or UTAAO mask. Compared with 2D nanostructures,
3D plasmonic nanostructures can yield additional electromag-
netic “hotspots,” which are helpful for enhancing SERS
sensitivity.'>?**® Therefore, the development of large-area 3D-
ordered SERS substrates using cheap and facile approaches are
worth exploring.

Herein, we proposed a large-area 3D pine needle with a
dewdrop array (PNDA) substrate fabricated via the simple
deposition of silica and silver film with a self-assembled PS
microsphere template and UTAAO mask. Because of the pro-
minent enhancement of the electric field at the cracks and gaps
between adjacent island structures, SERS with a PNDA sub-
strate was used to probe rhodamine 6G (R6G) molecules with

This journal is © The Royal Society of Chemistry 2025
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high sensitivity and good uniformity at different measurement
sites. Using the PNDA substrate, crystal violet (CV) molecules,
known as a hazardous pollutant in water, were sensitively
detected using SERS with a linear correlation between the
Raman signal and concentration. Results indicate that the PNDA
structure is a reliable and sensitive SERS substrate to probe the
trace amount of pollutants in an aquatic environment.

2. Experimental

2.1. Materials

Rhodamine 6G (R6G), crystal violet (CV), silver wire (99.9%),
acetone (AR, GC > 99.5%), ethanol (AR, GC > 99.7%), sulfuric
acid (H,SO,, AR, GC > 95%) and hydrogen peroxide (H,0,, AR,
GC = 30%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. PS microspheres (diameters of 500, 1000 and
2000 nm) were obtained from Huge Biotechnology (Shanghai).
The UTAAO mask (125 nm period, 100 nm pore diameter,
400 nm thickness) was obtained from TopMembranes Technol-
ogy (Shenzhen). The 18.0 MQ deionized water utilized for the
experiments was supplied by our laboratory.

2.2. Fabrication of PNDA

Glass slides were sequentially subjected to ultrasonic cleaning
in acetone, ethanol, piranha solution (98% H,SO,:30% H,0, =
3:1) and deionized water. As can be seen in Fig. 1, the PNDA
substrate was fabricated by depositing silica and silver through
the UTAAO mask and self-assembled PS microsphere template.
First, a centimeter-sized monolayer of PS microsphere array
was self-assembled at the gas-liquid interface®**> and then
transferred to a cleaned glass slide (Fig. 1(a)). After drying
naturally, the PS microsphere array on the glass slide was
placed on a hot plate and baked at 108 °C for 10 min. Second,
a UTAAO mask was transferred to the surface of the PS micro-
spheres array (Fig. 1(b)). The commercially bought UTAAO was
prudently shifted onto the hydrophilic and smooth Si substrate,
and then, the UTAAO held by a Si substrate was gently inserted
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Fig. 1 Schematic of the fabrication procedure. (a) PS microsphere array
on a cleaned glass slide. (b) UTAAO mask on the surface of PS micro-
spheres array of (a). (c) SiO, deposition on the surface of (b). (d) SiO,
nanopillars on the surface of PS microspheres array of (a). (e) Ag deposition
on the surface of (d).
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in the deionized water. The UTAAO mask floated on the water
surface because of surface tension, and then, the UTAAO was
laid on the PS microsphere array by inserting the substrate
prepared in the first step. Third, silicon oxide (SiO,) was
deposited on the surface of PS microspheres through the holes
of the UTAAO mask (Fig. 1(c)) using electron beam (E-beam)
evaporation at the rate of 1 A s™*. SiO, nanopillars were
maintained on the surface of PS microspheres after blowing
off the UTAAO mask with nitrogen gas (Fig. 1(d)). Finally, Ag
was deposited through high-vacuum thermal evaporation at a
rate of 1 A s™* (Fig. 1(e)), and then, a centimeter-sized PNDA
substrate was obtained.

Surface morphology of all samples was characterized using
scanning electron microscopy (SEM) (Hitachi, SU8220) at 3 kV.
Moreover, the typical SEM images of the samples in different
fabrication stage are shown in Fig. S1 (ESIt), and the low-
magnification SEM images of the large area of SiO, nanopillars
on the PS array and the PNDA structure are shown in Fig. S2
(ESIY).

2.3. Raman spectrum measurement

R6G molecules were used as probing analytes to estimate the
Raman performance of the PNDA substrate. The sample was
excited using a 532 nm laser with an objective lens (40x, NA =
0.6), the Raman scattering light was collected after a long pass
filter and the Raman spectrum was recorded using the HORIBA
iHR550 spectrometer. The excitation laser power of 0.05 mW
was used for the R6G probe and 0.1 mW for the CV molecules.
The accumulation time was set as 1 s to obtain the Raman
spectra of R6G and 5 s to obtain the Raman spectra of CV. After
eliminating the baseline and fluorescence background using
Origin, clean Raman spectra were obtained.

2.4. Electromagnetic field simulation

Distribution of the electromagnetic field in the nanostructure
was numerically simulated using the 3D finite-difference time-
domain (FDTD) method. The morphology and geometric para-
meters of nanostructures was obtained from the corresponding
SEM images in the simulation. During the FDTD simulation,
periodic boundary conditions are imposed along the x- and y-
axes, while a perfectly matched layer (PML) is employed at the
boundary of the z-axis. A 532 nm plane wave, linearly polarized
along the x-direction, is incident on the sample along the z-axis.
The y-normal monitor was used to retrieve the near-field electric
field distribution within the x-z plane for the nanostructure. A
grid size of 1 nm was set to ensure simulation accuracy.

3. Results and discussion

3.1. Parameter optimization for PNDA

As shown in Fig. 1, the PNDA substrate was fabricated when
proper fabrication parameters were chosen. To promote the
SERS performance, many fabrication parameters, including
the deposition thickness of Ag and SiO, and the size of PS
microspheres, were optimized. We fabricated substrates with
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different parameters and then characterized the surface
morphology through SEM and the SERS of R6G probes on
substrates. The detailed influences of every parameter are
presented in the following sections.

3.1.1. Influence of Ag deposition thickness. The deposition
thickness of Ag is the most important parameter that deter-
mines the surface morphology of the substrate. To obtain the
optimal Ag thickness, we fabricated the substrate according to
the fabrication procedure shown in Fig. 1. Moreover, PS micro-
spheres with a diameter of 500 nm were used, and the deposi-
tion thickness of SiO, was 200 nm. Five different substrates
were fabricated with different Ag thicknesses of 10, 20, 30, 40
and 50 nm. Here, the deposition thickness indicates the dura-
tion of deposition at the specified rate, rather than the actual
material thickness, due to the rough and discontinuous nature
of the film. The SEM images presented in Fig. S3 (ESIt) show
the evolution of the surface morphology as the deposition
thickness of Ag (ranging from 10 to 50 nm) increases. The seed
particles are randomly created initially, and these particles then
grow and finally connect to each other to form a continuous Ag
film. Five different substrates were soaked in 107> M R6G
solution for 2 h and then dried using nitrogen gas. Raman
spectra of R6G probes on the different substrates are shown in
Fig. 2(a). The relative intensity of the characteristic Raman peak
at 1510 cm™" can be seen in Fig. 2(b). The strongest Raman
enhancement is achieved for the Ag deposition thickness of
30 nm. According to this experiment result, all PNDA substrates
were fabricated with the Ag deposition thickness of 30 nm for
subsequent analyses.

3.1.2. Influence of SiO, deposition thickness. SiO, nano-
pillars are fabricated on the surface of the PS microsphere by
the deposition of SiO, through the nanometric pores of AAO
using E-beam evaporation. The size of the SiO, nanopillar can be
readily controlled by adjusting the final evaporation thickness.
We fabricated five substrates with different SiO, evaporation
thicknesses of 50, 100, 150, 200 and 250 nm. The diameter of
500 nm was chosen for PS microspheres, and the Ag deposition
thickness was 30 nm for all five samples. The surface morphol-
ogies of AAO, PS microsphere array with SiO, nanopillars and the
final PNDA substrate were inspected using SEM for all samples.

As shown in Fig. 3(al-e1), the nanopores of AAO gradually
shrink because of the deposition of SiO, and are almost
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Fig. 2 (a) Raman spectra corresponding to 107> M R6G absorbed onto
five different substrates with various thicknesses of Ag deposition. (b)
Normalized Raman intensities corresponding to the typical peak at
1510 cm™ for 107> M R6G under a variety of Ag deposition thicknesses.
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Fig. 3 SEM images of the surface morphologies of various PNDA struc-
tures with SiO, deposition thickness of (al)—(a3) 50, (b1)—(b3) 100, (c1)-
(c3) 150, (d1)-(d3) 200, and (e1)—(e3) 250 nm. (al)—(el) Surface morphol-
ogies of the pore diameter of different samples. (a2)-(e2) Surface
morphologies of SiO, nanopillars growing on surface of the PS micro-
sphere. (a3)—-(e3) Surface morphologies of different PNDA structures. The
white line represents 200 nm.

blocked at the SiO, deposition thickness of 250 nm. The size
of the SiO, nanopillars (Fig. 3(a2-e2)) also increases as the SiO,
deposition thickness increases before the nanopores of AAO are
blocked. The SEM images of the different PNDA substrates after
Ag deposition are displayed in Fig. 3(a3-e3). The Ag film breaks
into additional nanograins as the size of SiO, nanopillars
grows, and therefore, many gaps and cracks are introduced in
the Ag film. PNDA substrates with different sizes of SiO,
nanopillars were soaked in 10> M R6G for 2 h and then dried
using nitrogen gas. Raman spectra of R6G probes for the
different substrates were obtained (Fig. 4(a)), and the relative
intensities for the typical Raman peak at 1510 cm ™' of R6G
molecules are illustrated in Fig. 4(b). As revealed by the Raman
spectra, a more pronounced enhancement of the Raman signal
is observed for substrates fabricated with larger SiO, nanopil-
lars. Note that Raman intensity is slightly weakened for the
250-nm-sized SiO, deposition thickness possibly because the
SiO, nanopillar size fluctuates when the nanopores of AAO are
almost blocked. Therefore, we adopted the SiO, deposition
thickness of 200 nm as the optimal choice for subsequent
analyses.

3.1.3. Influence of the size of PS microspheres. The size of
PS microspheres has considerable influence on the surface
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Fig. 4 (a) Raman spectra corresponding to 10> M R6G absorbed on a
variety of PNDA structures featuring differing SiO, deposition thicknesses.
(b) Normalization of Raman intensities for a typical peak at 1510 cm~ for
107> M R6G solution under the diverse SiO, deposition thicknesses.
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Fig. 5 SEM images showcasing different PNDA substrates with different
sizes of PS microspheres: (a) with a diameter of 500, (b) 1000, and (c)
2000 nm, where the white line represents 200 nm. (d) Raman spectra of
107° M R6G absorbed on different PNDA substrates featuring different
sizes of PS microspheres.

morphology of the PNDA substrate. To determine the optimal
size of PS microspheres, we fabricated different PNDA substrates
on PS microspheres with different diameters of 500, 1000 and
2000 nm. The optimal deposition thickness of 30 nm for Ag and
200 nm for SiO, were used for fabrication. SEM images of various
PNDA substrates fabricated on different PS microspheres are
displayed in Fig. 5(a-c). The number of independent metal
particles on the surface of the PS microspheres reduces with
increase in the diameter of PS microspheres, and the PS micro-
spheres stick together when the diameter is 1000 and 2000 nm.
However, the microspheres are independent of each other at a
diameter of 500 nm, as seen in Fig. 5(a-c). Different PNDA
substrates with different diameters of PS microspheres were
soaked in 10> M R6G for 2 h and dried using nitrogen gas,
and then, the Raman spectra of R6G molecules on different
samples were obtained and are presented in Fig. 5(d). As can be
seen in Fig. 5(d), the Raman intensities of characteristic peaks at
different positions gradually decreases with the increase in the
diameter of PS microspheres. The best Raman intensity was
observed for PS microspheres at a diameter of 500 nm. There-
fore, the PNDA structure fabricated using 500-nm-diameter PS
microspheres was selected for further study.

3.2. SERS performance of the PNDA substrate

The PNDA substrate was fabricated with the following optimal
parameters: an Ag deposition thickness of 30 nm, SiO, deposi-
tion thickness of 200 nm and PS microsphere diameter of
500 nm. The enhancement of Raman scattering in the opti-
mized PNDA substrate was clarified by comparing the Raman
spectra of R6G molecules on the PNDA substrate and the
substrates that comprise PS microspheres covered in Ag or
SiO, nanopillars covered in Ag. Moreover, the SERS perfor-
mance of the PNDA substrate, including sensitivity, uniformity
and versatility, was investigated.

3.2.1. Comparative investigation of SERS substrates. The
advantages of the PNDA substrate was demonstrated through
comparative measurements of the Raman spectra of R6G
molecules on various substrates. For comparison, we fabricated

This journal is © The Royal Society of Chemistry 2025
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three different substrates: the optimized PNDA substrate, the
SiO, nanopillars array covered with 30 nm Ag, and 500-nm-
sized PS microsphere array covered with 30 nm Ag. The surface
morphologies of all three samples were characterized using
SEM images (Fig. 6(a—c)). The combination of PS microspheres
and SiO, nanopillars leads to a sharp slope, especially for the
SiO, nanopillar located at the edge of the PS microsphere (the
schematic in Fig. S4, ESIT). Under these conditions, the growth
of Ag on the steep slopes can be considered as oblique angle
vapor deposition,*' which leads to the formation of island-like
metal particles. This is in contrast to the vertical deposition*?
that occurs on the tops of the SiO, nanopillars. Consequently, a
silver block forms on top of each SiO, nanopillar, accompanied
by some smaller particles around the nanopillars. We refer to
this structure graphically as PNDA.

All the samples were soaked in 10> M R6G solutions for 2 h,
and then, the Raman spectrum was obtained. As can be seen in
Fig. 6(d), the Raman spectrum is distinctly enhanced more by
the PNDA substrate than by the other two substrates. Quantita-
tively, the SERS of the PNDA substrate at 1510 cm™ ' is approxi-
mately threefold stronger than that of the SiO, nanopillars
array substrate covered with 30 nm Ag and fourfold stronger
than that of 500 nm PS microsphere array substrate covered
with 30 nm Ag. The different Raman intensities can be attrib-
uted to the different electromagnetic enhancement of
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Fig. 6 SEM images of three SERS substrates: (a) the optimized PNDA, (b)
the SiO, nanopillars array covered with 30 nm Ag, and (c) the 500 nm PS
microsphere array covered with 30 nm Ag. (d) Raman spectra of 107> M
R6G absorbed onto three different substrates: the optimized PNDA (black
line), the SiO, nanopillars array covered with 30 nm Ag (red line), and the
500 nm PS microsphere array covered with 30 nm Ag (blue line). The
simulated electric field distributions across a perpendicular cross-section:
(e) the optimized PNDA, (f) the SiO, nanopillars array covered with 30 nm
Ag, and (g) the 500 nm PS microsphere array covered with 30 nm Ag.
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substrates, which can be clarified using FDTD simulations. The
simulated electromagnetic field distributions in the cross-
section of the three substrates are shown in Fig. 6(e-g). The
boundaries of the different materials are indicated by dashed
lines: the white dashed line indicates the boundary of silver, the
green dashed line indicates the boundary of the PS micro-
sphere, and the pink dashed line indicates the boundary
between silica and silver. As can be seen in Fig. 6(e), the
electromagnetic field is enhanced by not only the propagating
surface plasmon along the surface of nanopillars but also the
localized surface plasmon caused by the gaps, cracks and silver
protrusions.

Moreover, enhanced electromagnetic field from the localized
surface plasmon can be seen as a bright “hotspot” in simula-
tions. As can be seen in Fig. 6(f), cracks such as that on the left
bottom of the no. 1 SiO, nanopillar is wider than those in
Fig. 6(e), and localized surface plasmon cannot be excited in
such wide cracks with only surface plasmons propagating along
the surface nanopillars. For the PS microsphere covered with a
silver film, the simulation indicates that only the propagating
surface plasmon is excited (Fig. 6(g)). Simulations demonstrate
that the local electromagnetic field of the PNDA substrate is
enhanced more than the other two substrates, which explains
why the SERS signal is highest for the PNDA substrate and
weakest for the substrate of the PS array with a Ag film (Fig. 6(d)).

3.2.2. Sensitivity of the PNDA substrate. We prepared the
R6G probe solution with different concentrations ranging from
107" to 107 M to estimate the SERS sensitivity of the PNDA
substrate. The substrates were soaked in the solution with different
concentrations for 2 h and then dried using nitrogen gas. Fig. 7(a)
shows the Raman spectra of the R6G probe for the solution with
different concentrations. Raman intensity diminishes as the R6G
concentration progressively decreases, and the typical Raman peaks
corresponding to R6G are still identifiable when the R6G concen-
tration reduces to 10~ ° M, indicating the excellent sensitivity of the
PNDA substrate. Fig. 7(b) illustrates the Raman intensities of R6G
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Fig. 7 Sensitivity of the PNDA substrate. (a) Raman spectra corresponding
to the Raman intensities of R6G solutions at varying concentrations from
107° to 107° M are presented, with the inset displaying the Raman
spectrum for the 10~° M R6G solution. (b) Raman intensities with various
concentrations of R6G solutions ranging from 107> to 107° M at
1364 cm~t in a logarithmic coordinate. R? is the correlation coefficient.
(c) Raman spectra obtained from 10~7 M R6G absorbed on PNDA (red line)
and 1072 M R6G absorbed on glass (black line); the data of black lines has
been amplified by a factor of 5 for clarity.
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Fig. 8 (a) Raman spectra of fifteen random positions corresponding to
107° M R6G absorbed on the PNDA substrate. Histograms of typical peak
intensities at (b) 611 cm™ and (c) 1652 cm™ related to 107> M
R6G absorbed on the PNDA substrate. The data are obtained from the
spectra in (a).

solutions with concentrations ranging from 10> to 10 ° M at a
wavenumber of 1364 cm™ . The data exhibit an outstanding linear
relationship, with a correlation coefficient of 0.977 in logarithmic
coordinates. This strong linear correlation highlights the potential
for quantitative SERS measurements using this substrate.

With the aim of estimating the SERS activity, we determined
the enhancement factor (EF) of the PNDA substrate according
to the following equation:®”

EF = 5 X %
I GCs
where Is and I are the Raman intensities corresponding to the
R6G analytes at 1364 cm™ " acquired from the PNDA substrate
and the glass slide, respectively, and Cs and Cy are the molar
concentration of R6G analytes absorbed on the above two
substrates. From the Raman spectra shown in Fig. 7(c), we
determined that the EF is about 6.7 x 10° suggesting a
remarkable SERS activity of the PNDA substrate.

3.2.3. Uniformity of the PNDA substrate. Uniformity of the
SERS substrate plays an important role in the practical applica-
tions. To estimate the uniformity of the PNDA substrate, Raman
spectra of 107> M R6G were obtained at fifteen different sites
randomly selected on the PNDA substrate. As can be seen in
Fig. 8(a), the fifteen Raman spectra obtained at different sites are
almost identical, demonstrating splendid uniformity of the PNDA
substrate. Furthermore, we selected two characteristic Raman
peaks of 107> M R6G at 611 cm™ ' and 1652 cm ‘. We then
extracted the corresponding Raman intensities from fifteen dif-
ferent positions as shown in Fig. 8(a) and plotted histograms,
which are presented in Fig. 8(b) and (c). We determined that the
RSD of the two typical Raman peaks are approximately 6.5% at
611 cm ' and 8.3% at 1652 cm*, facilitating the possibility of
practical applications of the PNDA structure. This excellent uni-
formity primarily originates from the ordered PS microsphere
array template and UTAAO mask.

3.3. Versatility of the PNDA substrate

We demonstrated that PNDA can work not only as a SERS
substrate for R6G molecules but also for versatile probe molecules.
CV is used in fish farming because it is bactericidal and antipar-
asitic as well as toxic and teratogenetic** and thus harmful to

This journal is © The Royal Society of Chemistry 2025
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centrations of CV solutions, spanning from 107> to 1078 M, displayed on a
logarithmic coordinate. R? is the correlation coefficient.

human health; therefore, it is meaningful to detect the presence of
CV. Fig. 9(a) shows the Raman spectra corresponding to Raman
intensities with a variety of CV solution concentrations (from 10>
to 10~ % M) tested using PNDA substrates, which were soaked in
these CV solutions for 2 h and dried using nitrogen gas. When CV
concentrations slowly decrease, the Raman intensities gradually
decrease as well. The inset of Fig. 9(a) is the Raman spectrum with
10~® M CV, which indicates that the spectrum remains distin-
guishable. Furthermore, Fig. 9(b) demonstrates the Raman inten-
sities spectra with diverse concentrations of CV solutions, which
ranges from 10 > to 10" M at 1174 em™*, and shows splendid
linear correlation, and the correlation coefficient is 0.952 in the
logarithmic coordinate. The results demonstrate that the PNDA
structure can be used for the quantitative detection of contami-
nants in water.

4. Conclusions

We demonstrated a facile construction procedure based on the
self-assembled PS microsphere template and UTAAO mask with
a thin film deposition technique to fabricate a large-area PNDA
structure. Owing to the prominent enhancement of electric
field at the cracks and gaps between adjacent island structures,
the optimized PNDA substrate exhibited prominent SERS prop-
erty with high sensitivity (EF = 6.7 x 10°) and uniformity (RSD =
6.5% and 8.3%) for measuring R6G analytes. Moreover, the
PNDA substrate was demonstrated to effectively detect crystal
violet (CV) molecules, known as a hazardous pollutant in water,
exhibiting robust SERS sensitivity and a strong linear correla-
tion between the Raman signal and concentration levels.
Results indicate that the PNDA substrate can be potentially
applied for the development of high-property SERS technique
aimed at accurately identifying trace pollutants in an aquatic
environment.

Data availability

All data supporting the findings of this study are presented in
the article and ESI.f Additional data are available from the
corresponding author upon reasonable request.
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