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Abstract: Seeking sensitive, large-scale, and low-cost substrates is highly important for practical
applications of surface-enhanced Raman scattering (SERS) technology. Noble metallic plasmonic
nanostructures with dense hot spots are considered an effective construction to enable sensitive,
uniform, and stable SERS performance and thus have attracted wide attention in recent years. In this
work, we reported a simple fabrication method to achieve wafer-scale ultradense tilted and staggered
plasmonic metallic nanopillars filled with numerous nanogaps (hot spots). By adjusting the etching
time of the PMMA (polymethyl methacrylate) layer, the optimal SERS substrate with the densest
metallic nanopillars was obtained, which possessed a detection limit down to 10~'3 M by using
crystal violet as the detected molecules and exhibited excellent reproducibility and long-term stability.
Furthermore, the proposed fabrication approach was further used to prepare flexible substrates; for
example, a SERS flexible substrate was proven to be an ideal platform for analyzing low-concentration
pesticide residues on curved fruit surfaces with significantly enhanced sensitivity. This type of SERS
substrate possesses potential in real-life applications as low-cost and high-performance sensors.

Keywords: SERS; hot spots; large-scale production; sensitivity; flexible substrate

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is one of the most effective meth-
ods to realize the molecular detection of ultrasmall amounts [1], thus having wide
significant applications in chemical analysis [2,3], bioimaging [4,5], environmental moni-
toring [6,7], and food security [8-11]. The large electromagnetic (EM) field enhancement
phenomenon supported by localized surface plasmon resonance (LSPR) excited by the
incident light has been verified to be the most important factor in the SERS effect. A
promising SERS substrate should contain numerous highly dense hot spots, where the
large field enhancement is produced. Extensive research has been conducted in the de-
velopment of high-performance SERS substrates since the discovery of SERS in the 1970s.
It has been well proven that hot spots play a key role in SERS [12-14], which can produce
surface plasmon resonance, dramatically enhancing the Raman signal of the detected
molecule. To realize the possible maximal SERS enhancement factor (EF), it is of great
importance to produce as many possible appropriate plasmonic hot spots to support
the near-field enhancement at the plasmon resonance condition. Dense noble metallic
nanostructures, such as gold and silver, have been confirmed to be the most effective
construction to generate hot spots [15-17]. Exploring facile means to reliably obtain
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plasmonic metallic nanostructures with as many hot spots as possible has attracted much
attention in recent years in the SERS community.

There are currently two main technologies to prepare metallic plasmonic nanopar-
ticles, including top—down fabrication or bottom—up self-assembly processes [18-22].
The bottom-up processes provide the advantages of low cost, facilitating, and extremely
high sensitivity by arranging hot spots. However, the reliable assembly of plasmonic
nanostructures into uniform distribution to meet the requirements of reproducible de-
tection is still challenging. The hot spots commonly cannot be controllably prepared
and homogeneously formed. In contrast, the top—down methods based on lithographic
techniques can support precise control of the geometries, dimensions, and arrangements
of the fabricated nanostructures. Furthermore, the top-down methods are in principle
CMOS compatible and are promising for batch fabrication for SERS-based applications.
For example, nanoimprint lithography provided an excellent approach to obtaining
large-area plasmonic nanostructures with high throughput [23]. However, this method
produced plasmonic nanostructures with a limited density, only moderately enhanc-
ing the plasmonic response. Dorpe et al. demonstrated a scalable and uniform SERS
substrate with ultradense nanogap-enabled hot spots [24]. However, it involved extrava-
gant ultraviolet (DUV) immersion lithography. Expensive lithography procedures are
usually indispensable in top-down methods, resulting in dramatically increased costs.
The above-mentioned top—down methods based on lithographic techniques are usually
unable to achieve dense hot spots over a large area at a low cost. Therefore, the reliable
low-cost fabrication of uniform, reproducible, and stable wafer-level SERS substrates
with high sensitivity is still a big challenge.

In this paper, we proposed and demonstrated a simple nanolithography-free fabrica-
tion approach to generate ultradense metallic tilted and staggered plasmonic nanopillars
over a 4-inch wafer. Actually, the area of the proposed SERS substrate was only limited
by the sizes of the holders in our etcher and evaporator facility. Numerous metallic
nanogaps embedded in the dense staggered metallic nanopillars can provide a large
number of high-density hot spots to produce huge electric field enhancement for SERS
detection. This nanolithography-free SERS substrate with dense metallic nanopillars
showed a highly uniform, sensitive, and stable performance. The density of metallic
nanopillars can be adjusted by the reactive ion etching time. The lowest detectable limit
for crystal violet molecules on the optimal substrate was proven to be only 10713 M.
Furthermore, the proposed fabrication approach was further applied to prepare flexi-
ble SERS substrates, and the obtained flexible SERS substrate can simply test 10~4 M
chlorpyrifos pesticides on the curved surface of an apple. The proposed SERS substrate
with ultradense hot spots can be used as a promising configuration to push SERS for
practical applications.

2. Experimental Sections
2.1. Materials

All of the reagents were of analytical grade and used as received. Si (n-type, 1-10 (2-cm)
substrate was purchased from Suzhou Yancai Micro-nano Technology Co., Ltd. PMMA
(polymethyl methacrylate, 4% 950 k PMMA in anisole) was purchased from MicroChem
Corp. Crystal violet was purchased from Sinopharm Chemical Reagent Co., Ltd. Chlorpyrifos
solution in acetonitrile was purchased from Aladdin Industrial Co., Ltd. Silver particles
used for thermal evaporation were purchased from ZhongNuo Advanced Material (Beijing)
Technology Co., Ltd. The flexible PDMS (polydimethylsiloxane) substrate was fabricated
referring to this work [25].

2.2. Fabrication of SERS Substrates

A brief flow chart of the proposed process for obtaining SERS substrate is shown
in Figure 1. First, a 230 nm thick PMMA (950 K) film was spin-coated on the substrate
and baked on a hot plate at 180 °C for 3 min (Figure 1a). Subsequently, the samples were
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then quickly transferred into the reactive ion etching equipment (Etchlab-300, Zhejiang
Service Vacuum & Optics Technology Co., Ltd.) to etch the PMMA layer (Figure 1b).
The used gas was oxygen, the gas flow rate was 160 sccm, the pressure during the
etching process was 2 Pa, and the radio frequency power was 100 W. It is worth noting
that the grassy tilted and staggered PMMA nanopillar surface can be formed on the
substrate due to the sufficient pressure in etched regions after the etching process [26].
The density of residual PMMA nanopillars can be easily controlled by the etching time.
Afterward, the metallization of the samples was performed in a thermal evaporation
system (JSD300, Anhui Jiashuo Vacuum Technology Co. Ltd.) (Figure 1c). The working
pressure was kept at <4 x 10~* Pa. The Ag deposition rate was kept at about 1 A-s~1. The
thickness of all evaporated silver film in this work was 30 nm, which was monitored by
an angstrom-sensitive quartz-crystal microbalance. Finally, the samples were subjected
to SERS measurement (Figure 1d).

2.3. Characterization

The digital photos were obtained with an iPhone 12. The observation of metallic
nanopatterns was performed by a field-emission scanning electron microscope (SEM)
(Sigma HD VP, Carl Zeiss) with an accelerating voltage of 10 kV. X-ray diffraction (XRD)
patterns were collected using the D8 ADVANCE diffractometer (AXS GmbH, Bruker). The
thickness of the PMMA layer was measured by a SE-VE spectroscopic ellipsometer (Wuha-
neoptics Technology Co., Ltd.). The surface topography of the samples was conducted
by an atomic force microscope (AFM, Dimension Icon, Bruker). The optical reflection
spectra of the samples were obtained by using a spectrometer (NOVA, Ideaoptics). The
strain—stress curves were measured using a mechanical testing apparatus (ZQ-990A, China)
with a 20 N load cell.

2.4. SERS Measurement

For detecting crystal violet molecules, the crystal violet standard solution was prepared
by dissolving the crystal violet powder into deionized water. All samples were incubated
in the crystal violet solution dissolved in DI water for 24 h and then dried with nitrogen gas
to obtain an average single molecular layer [27,28]. After that, the samples were subjected
to SERS measurement.

For detecting chlorpyrifos pesticide residues, 0.5 mL of 10~* M chlorpyrifos solu-
tion in acetonitrile was dropped on the surface of an apple. The flexible SERS substrate
was then used to tightly wipe the apple surface to extract the chlorpyrifos residues. Af-
ter the evaporation of the solvent at room temperature, the sample was subjected to
SERS measurement.

The SERS detection was performed using a WITec Alpha 300R confocal Raman mi-
croscopy system by using a 532 nm laser excitation. The SERS signals were collected by a
x50 (0.75 N.A.) microscope objective lens under a laser power intensity of 2 mW with an
integration time of 2 s for three times.

2.5. FDTD Simulation

The simulations were conducted by the three-dimensional FDTD solutions (Lumerical
Solutions, Version 8.15.736) to obtain the electric field distribution profile [17,27]. The
simplified calculated model based on Figure 2d was used for a simple qualitative analysis
of electromagnetic field enhancement. When modeling the nanopillar SERS structure, the
diameter of PMMA nanopillars was set as 10 nm, and the diameter of Ag-coated nanopillars
was set as 20 nm, and the nanogap was defined as 2 nm. A total-field scattered field source
was used with the polarized electric field along the x-axis. The dispersion models of Ag
and Si were all obtained from the database of Palik, while the used refractive indices for the
PMMA were 1.46. A grid size of 1 nm and perfectly matched layer boundary conditions in
all three directions were used in the simulation.
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Figure 1. Schematic illustration of the fabrication of the proposed SERS substrate. (a) PMMA layer
coating. (b) Oxygen reactive ion etching. (c) Metal deposition of silver. (d) Molecular adsorption and
Raman detection.
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45° side view

Figure 2. The digital and SEM images of the proposed SERS substrate. (a) A digital image of
the fabricated 4-inch wafer SERS substrate. (b-d) SEM images of the ultradense grassy tilted and
staggered metallic nanopillar clusters: (b) top view and (c,d) 45° side view.

3. Results and Discussion

The proposed method involves no complicated or costly fabrication processes and
is inherently appropriate for obtaining large-scale substrates as expounded in Section 2.2.
Indeed, the SERS sample is on a 4-inch Si wafer (Figure 2a), only limited by the sizes of
the sample stages in the etcher and evaporator facility. Figure 2b shows a top-view SEM
image of the dense grassy metallic nanopillar clusters. Most of the PMMA nanopillars were
broken and collapsed during the PMMA etching process, resulting in a distinguishable
tilted and staggered nanopillar surface. It should be noted that the morphology of the
PMMA layer was proved to be unchanged after metal deposition [3], and this type of
grassy surface topography is quite effective for immobilizing molecules and providing
numerous hot spots for SERS detection [26]. Figure 2c¢,d shows the 45° side-view SEM
images, revealing the dense tilted nanopillar surface topography and numerous metallic
nanogaps embedded in the staggered metallic nanopillars (some of these nanogaps are
marked by the arrows in Figure 2d). These numerous metallic nanogaps can support huge
electric field enhancement for SERS detection.

The compositions of the PMMA substrates before and after etching were characterized
by XRD, and the representative patterns are shown in Figure S1. The representative
diffraction peaks of the PMMA substrates before and after etch did not vary obviously,
suggesting that the crystal structures of the PMMA nanopillar clusters remained unchanged.
By precisely varying the etch time of the PMMA layer, tilted and staggered nanopillar
clusters of different densities can be formed. As shown in Figure 3, with the increase
in etching time from 0 to 45 s, the thickness of the PMMA layer decreased and PMMA
nanopillars grew denser, resulting in the consequent increase in hot spots embedded in
Ag nanopillars. When the etching time was more than 45 s, the PMMA layer tended to be
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Increasing the time of reactive ion etching on PMMA layer

completely etched (the functional relationship between the remaining PMMA thickness
and the etching time was given in Figure S2), and some PMMA nanopillars were gradually
removed by etching, resulting in the formation of sparse Ag nanopillars on the substrate.
Therefore, the densities of Ag nanopillars on the SERS substrate can be easily regulated by
adjusting the etching time. Further evidence of AFM characterization on these densities
of Ag nanopillars is given in Figure S3. It indicated that the densest metallic nanopillars
were formed with an etching time of 45 s. Figure S4 shows the reflectance spectra for
SERS substrates fabricated by various etching times from 0 to 60 s. It can be seen that
the reflectance dip blue-shifted with decreased PMMA layer thickness. It indicated that
the coupling between the Ag layer and Si substrate increased with their aggregation,
leading to a blueshift of the plasmon resonance. This is consistent with previous theoretical
research [29,30].

>

Figure 3. SEM images with varying magnifications of the SERS substrates fabricated by different
times of reactive ion etching: (a) 0's, (b) 15, (c) 30's, (d) 45 s, and (e) 60 s.

Crystal violet (CV) molecules were chosen as the detected molecule to experimentally
test the SERS activity of these metallic nanopillar cluster-based substrates. Figure 4a shows
the measured SERS spectra of 107> M CV from the SERS substrates obtained by various
etching times. It can be seen from Figure 4b that the intensities of Raman signals increased
with increased etching times at first. When the etching time of the PMMA layer reached
45 s, the optimal SERS substrate was obtained. The densest tilted and staggered nanopillars
were obtained at an etching time of 45 s, as shown in Figure 3d, contributing to the densest
effective hot spots among the layer metallic nanopillars, which can support better efficiency
and more activity for SERS measurement. When the etching time was longer than 45 s,
nanopillars became sparse and tended to vanish, which obviously decreased the effective
hot spots. Therefore, the SERS intensity from the substrate with an etching time of 60 s
became weaker. As discussed above, the densest Ag nanopillars obtained with an etching
time of 45 s generated the highest number of hot spots and produced the strongest SERS
signals. Hence, the optimal SERS substrates obtained by an etching time of 45 s acted as
the samples used in the experiments that followed.
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Figure 4. (a) SERS signals of CV molecules on SERS substrates prepared by various times of reactive
ion etching. (b) The statistical plot of SERS peak intensities of CV molecules at 915 and 1382 cm !
on SERS substrates prepared by various times of reactive ion etching. (c) SERS spectra of various
CV concentrations on the optimal SERS substrate. (d) Zoomed-in SERS spectra of CV molecules
at concentrations of 10~ M and 10713 M. (e) Simplified electric field simulation of tilted and
staggered metallic nanopillars. (f) Logarithmic plot of Raman intensity at 1618 cm ™! as a function of
CV concentrations.

The ultralow concentration detection is of great importance for SERS substrates, which
exhibit outstanding SERS sensitivity. To further investigate the capability of the proposed
SERS substrate, the low-concentration detection test of the optimal SERS substrate was
conducted with various concentrations of CV molecules from 10~° to 10713 M. To elim-
inate the effect of possible residual CV molecules, the substrate was repeatedly rinsed
using deionized water after each measurement. Figure 4c shows the baseline-removed
Raman spectra of CV molecules with various concentrations from 10> to 10~13 M. All
of the main Raman characteristic peaks can be identified distinctly for CV concentrations
down to 10~ M, showing that the proposed SERS substrate has a high-sensitivity SERS
detection ability. To further analyze the SERS signals of CV concentration from 107! and
10~1* M, the zoomed-in spectra are given in Figure 4d. It can be seen that the character-
istic peaks can still be distinguished, even though the concentration of CV is as low as
10713 M. The simplified calculated electric field distribution of the nanopillar structure
under the 532 nm laser excitation is shown in Figure 4e (XZ cross-sectional plane). The used
simplified calculated model for a simple qualitative analysis was constructed based on
Figure 2d. The strongest electric field enhancement exists in the nanogap region between
two adjacent metallic nanopillars, verifying the importance of numerous metallic nanogaps
embedded in these staggered nanopillars in high-sensitivity SERS detection. Figure 4d
demonstrates the high-degree linear relationship between the Raman peak intensity at
1618 cm~! and the concentration of CV solution. The best-fitting linear regression equa-
tion is as follows: y = 1220x + 15,500, where x refers to the logarithmic CV concentration
(correlation coefficient = 0.97173). The essentially linear change of SERS intensity as a func-
tion of molecule concentration manifests that the proposed substrate can be available for
the quantitative analysis of trace substances in practical use.

The SERS enhancement factor (EF) is an important parameter to quantitatively charac-
terize the SERS substrate, although the definition of EF is highly varied. The definition of
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the SERS EF [31,32] and the details of the calculation process in this work are described in
the Support Information. The baseline-removed Raman spectrum of the reference capillary
tube sample is shown in Figure S5. The final calculated value of the SERS EF was 2.02 x 10°.
This EF of 2.02 x 10° is comparable to a lot of reported high-performance SERS substrates.
For example, Wang et al. demonstrated an EF of 1.5 x 10° using the particle-on-film struc-
ture [31]. Additionally, Gong et al. showed that their sensitive Q-tip-based SERS substrate
had an EF of 1.6 x 10° [32]. Furthermore, this EF of 2.02 x 10° is not high as that of self-
assembled metallic nanostructures with tiny nanogaps, but this proposed “top-down”
process-enabled substrate ought to have better SERS uniformity and reproducibility.

The detection uniformity and reproducibility of SERS signals from the substrate are
crucial for practical use. To further study the detection uniformity and reproducibility of the
proposed SERS substrate, the SERS spectra of a CV concentration of 107> M were recorded
from nine randomly selected spots over the optimal SERS substrate under the same mea-
surement conditions, as shown in Figure 5a. The corresponding intensity variation of
the nine characteristic peaks at 1618 cm ! is further given in Figure 5b to demonstrate
the uniform property of the proposed SERS substrate. The statistic on the average SERS
intensity of different sites showed a small deviation of 5.04%, revealing that the optimal
SERS substrate possessed excellent reproducibility over the whole substrate surface. This
is due to the uniform surface morphology of the optimal SERS substrate obtained by the
proposed “top—down” processes. An SEM image of large-area uniform surface morphology
is given in Figure 5c. Figure 5d shows the spatial SERS mapping with a 532 nm laser
exciting the 1172 cm ! crystal violet Raman peak across Figure 5¢, further confirming the
uniform property of the proposed SERS substrate.

The test stability is also a highly important property to evaluate the SERS substrates. To
investigate the long-term stability of the proposed SERS substrate. Raman spectra of a CV
concentration of 107> M were collected every 4 days over the duration of 34 days at room
temperature. The measured SERS spectra are displayed in Figure 6a, demonstrating that
the proposed substrate can maintain its fine features and intensities. There is only a small
alteration in the average SERS intensity over a period of 34 days, as shown in Figure 6b,
which can mainly be owing to the slight disturbances in measuring environments. The
long-term stability of the SERS substrate was further assessed by comparing the SERS
signals from the freshly prepared sample and the sample stored for 3 months, as shown in
Figure 6¢. Overall, the intensity values showed excellent reproducibility. The long-term
test stability supports the proposed substrate to be a promising SERS sensing platform in
long-life applications.

SERS has been regarded as an effective detective technique for the analysis of pesticide
residues in agricultural products. Chlorpyrifos is a type of extensively used organophos-
phate insecticide in agriculture and urban areas for pest control. However, chlorpyrifos
pesticide residues may bring risks to human health. Compared with the traditional rigid
SERS substrate, flexible SERS substrates can absorb the pesticide molecules on irregular and
curved fruit or vegetable surfaces, enabling on-site detection of residual pesticide analytes
without additional extraction steps. The proposed process in this work is also applicable to
soft and flexible SERS substrates. PDMS material was used as the flexible supporter for
the fabricated flexible SERS substrate due to its advantages of high elasticity, high ductility,
chemical stability, and cost-effectiveness. The flexible PDMS substrate was fabricated refer-
ring to this literature [25]. Figure 7a displays the obtained PMDS-based SERS substrate by
the fabrication process described in Figure 1. Figure 7b shows the measured tensile strain
test results of the fabricated PMDS-based SERS substrate, demonstrating that the substrate
can be stretched to over 350% compared with its original length. It indicated that the PMDS-
based SERS substrate possesses excellent mechanical performance and has the potential to
be used in various extreme conditions. Due to the excellent mechanical properties of the
PDMS substrate, the SERS substrate can adequately touch the decorated apple surface to
extract the pesticide residues, as shown in Figure 7c. The SERS measurement results are
shown in Figure 7d. Spectra “A-C” represent the Raman signals of a chlorpyrifos concen-
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tration of 10~ M collected from the flexible SERS substrate, the pure chlorpyrifos pesticide,
and the pesticide-decorated apple surface, respectively. No characteristic SERS peak can
be clearly distinguished from the pure chlorpyrifos pesticide or the pesticide-moistened
apple surface, while all of the representative SERS peaks of chlorpyrifos can be identified
clearly from the fabricated flexible SERS substrate. All the detected characteristic SERS
peaks are basically consistent with the reported SERS spectra of chlorpyrifos molecules.
According to the reported literature [33-35], tentative vibration mode assignments for
chlorpyrifos molecules were as follows. The peak at 418 cm ™! can be assigned to P-O-C
stretching vibration, the peak at 519 cm~! was related to P-O stretching vibration, the peak
at 567 cm~! was associated with P=S or C-Cl stretching vibration, the peak at 1174 cm~!
may be attributed to ring breathings, the peak at 1295 cm ! may be associated with Cl-ring
vibration, the peaks at 1375 cm~! and 1530 cm~! may be all related to Cl-ring vibration,
and the peak at 1586 cm ™! can be assigned to ring stretching. It indicated that the proposed
flexible platform has high-performance SERS detection capacity, and the proposed strategy
is a valid method for the on-site test of pesticide residues.
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Figure 5. The uniformity of the proposed SERS substrate. (a) SERS spectra of CV molecules from nine
randomly selected spots on the obtained SERS substrate. (b) The recorded Raman signal intensities
of CV molecules at 1618 cm ™! peak. (¢) SEM image of the optimal SERS substrate with the large-area
uniform surface morphology. (d) Spatial SERS mapping with a 532 nm laser exciting the 1172 cm ™!
crystal violet Raman peak across Figure 5c.
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the fabricated flexible SERS substrate. (c) Digital photo of collecting chlorpyrifos molecules by
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4. Conclusions

In summary, we proposed and demonstrated a nanolithography-free method to realize
a wafer-scale SERS substrate with ultradense tilted and staggered metallic nanopillars
that generated a highly sensitive, uniform, and reproducible SERS response. The density
of Ag nanopillars and the SERS signal intensity of the SERS substrate can be regulated
by the reactive ion etching time of the PMMA layer. When the etching time was 45 s,
the optimal densest plasmonic nanopillar-enabled SERS substrate was achieved, which
possessed excellent uniformity (about 5%), long-term stability (over 3 months), and high
SERS sensitivity to CV with a detectable concentration as low as 10713 M. The proposed
approach was further extended to prepare PDMS-based flexible SERS substrates. With
its excellent mechanical flexibility, the flexible SERS substrate can be used to simply test
10~* M chlorpyrifos on the curved surface of an apple. Due to its ease of preparation,
low cost, wafer scale, and high SERS performance, we believe that the proposed approach
is promising for the detection of ultrasmall amounts of substances in label-free sensing
applications, propelling SERS for practical applications in chemical and biological analysis,
environment monitoring, and the food safety field.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nano13111733/s1, Figure S1. XRD patterns of the PMMA substrate
before and after reactive ion etching. Figure S2. The functional relationship between the remaining
PMMA thickness and the etching time. Figure S3. Atomic force microscopy characterization of the
SERS substrates obtained by different times of reactive ion etching: (a) 15s, (b) 30's, (c) 45 s, and
(d) 60 s. Figure S4. Reflection spectra of the SERS substrates obtained by different times of reactive
ion etching. Figure S5. The baseline-removed Raman spectrum of the reference capillary tube sample
with 107! M CV concentration.
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