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The development of surface-enhanced Raman scattering (SERS) devices for detection of trace
pesticides has attracted more and more attention. In this work, a large-area self-assembly ap-
proach assisted with reactive ion etching (RIE) is proposed for preparing SERS devices consisting
of Ag-covered “hedgehog-like” nanosphere arrays (Ag/HLNAs). Such a SERS device has an
enhancement factor of 2.79 x 107, a limit of detection (LOD) up to 1072 M for Rhodamine 6G
(R6G) analytes, and a relative standard deviation (RSD) smaller than 10%, demonstrating high
uniformity. Besides, for pesticide detections, the device achieves an LOD of 10~8 M for thiram
molecules. It indicates that the proposed SERS device has a promising opportunity in detecting
toxic organic pesticides.

Keywords: Surface-enhanced Raman scattering (SERS); self-assembly; Ag-covered “hedgehog-
like” nanosphere arrays (Ag/HLNAs); pesticide detections.

1. Introduction production, pesticides with insecticidal and thera-

Crop loss caused by diseases, pests, and weeds peutic abilities that are important in protecting ag-
accounts for 20-40% of overall agricultural ricultural production and reducing economic losses.!
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However, the use of pesticides is also accompanied by
risks of environmental pollution and residues in food
chains as there is an enrichment effect of trace pes-
ticides, thus these risks cannot be ignored and have
raised public concern.”* From this point of view,
trace detection of pesticides is of significance.

Since its discovery in 1974 by Fleischmann et al.,
surface-enhanced Raman scattering (SERS) has
been extensively researched.”® It has a hopeful
prospect as an analytical method for detecting trace
organic chemicals even down to single-molecule
level” with advantages of high sensitivity, finger-
print characteristics, and rapid detections.*'° To
date, SERS has been commonly used in numerous
fields including medical science,'!+'? bio-sensing,'*'*
and analytical chemistry.'>!® For a SERS device,
being sensitive and uniform is the key to obtain
high-quality SERS spectra. In the early stage, a
colloid chemistry strategy involving noble metal
nanoparticles (NPs) was developed for SERS
detections with high sensitivity. It is well accepted
that the electromagnetic enhancement mechanism
originating from localized surface plasmon reso-
nances (LSPRs) in the noble metal NPs plays a
dominant role in most SERS procedures.'”'® How-
ever, the number and size of these noble metal
nanoparticles constituting conglomerations are
random, impeding the guarantee of consistent and
reliable SERS signals.!” To solve the problem,
different periodic SERS substrates have been pro-
posed. For instance, nanosphere arrays,”’ nano-
antenna arrays,’' nanopillar arrays,’” nanoparticle
or nanoshell arrays®® were developed due to their
good consistency and reliability. To fabricate highly
sensitive SERS substrates with high uniformity, a
wide range of approaches, including e-beam lithog-
raphy (EBL),?* femtosecond laser etching,?” focused
ion beam (FIB) technique’® and metal-assisted
chemical etching (MACE)?" have been reported to
prepare nanostructures with precise dimension and
position control. Nevertheless, those fabrication
processes are usually time-consuming and expen-
sive. Simple and large-scale fabrication approaches
for nanosubstrate with sufficient and uniform “hot
spots” are still highly demanded for SERS-based
trace analyte detections.

Herein, we demonstrate an effective reactive ion
etching (RIE)-assisted self-assembly approach to
fabricate a SERS device consisting of Ag-covered
“hedgehog-like” nanosphere arrays (Ag/HLNAs),
which provides abundant and uniformly distributed

“hot spots” between the neighboring building
blocks. The presented SERS device shows high
sensitivity to Rhodamine 6G (R6G) probe mole-
cules even when the concentration is lower to 1012
M, and an ultrahigh EF of 2.79 x 107 is achieved.
The relative standard deviation (RSD) is estimated
smaller than 10%, demonstrating the device has
excellent uniformity in SERS spectra. The limit of
detection (LOD) of the device is tested to be 1078 M
for thiram. It is expected that the SERS device
based on the novel Ag/HLNAs structures can ob-
tain high sensitivity and good uniformity, thus
providing a new approach for the detection of pes-
ticides in foods.

2. Experimental
2.1.

Aqueous suspensions of monodispersed spherical
colloidal polystyrene (PS) nanospheres, with a co-
efficient of variation (CV) less than 3%, of 500 nm in
diameter were purchased from Suzhou Knowledge
& Benefit Sphere Tech. Co., Ltd. (Suzhou, China).
Acetone and ethanol were purchased from Tianjin
Fengchuan Chemical Reagent Technologies Co.,
Ltd. (Tianjin, China). Glass slides and silicone
capillaries with a diameter of 0.5 mm were brought
from Casmart (Beijing, China). N-type single-
crystal silicon wafers with a thickness of
500 £+ 15 um were purchased from Research Mate-
rials Microtech Co., Ltd (Suzhou, China). A target
of pure silver (99.99%) was bought from GRIKIN
Advanced Material Co., Ltd (Beijing, China). The
SERS probe molecule R6G was purchased from
J&K Scientific Co., Ltd (Beijing, China). Thiram
was purchased from Sigma Aldrich Corporation
(Shanghai, China). Deionized (DI) water (18.2 M-
cm 1) used in experimental process was purified in
an ultrafiltration system (Milli-Q, Millipore). All
the solvents and chemicals were at least reagent
grade and were used as received.

Materials

2.2. Wafer-scale preparation of
highly ordered 2D colloidal
crystal monolayer
The strategy to achieve a highly ordered colloidal

monolayer without overlapping nanospheres has
been described in detail in our previous work.?®
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Fig. 1.

Self-assembly near the three-phase boundary. (a) The graph of the adopted setup. (b) The diagram of the self-assembly

process. (c) The holder used to keep the wafer vertical while transferring the colloidal monolayer from air/water interface to the

target substrate by lowing the water level.

In brief, a glass slide, a silicone tube, and a syringe
pump were adopted to form a confinement region
for self-assembly near the three-phase boundary
(air, water subphase, and glass slide) as shown in
Fig. 1(a). When the colloidal suspension was injec-
ted into the air—-water interface, a convex meniscus
was formed as a result of drag force. With the
confinement of the convex, the initial colloidal sus-
pension, instead of spreading outward, directly self-
assembled into a preliminary monolayer (Fig. 1(b)).
Further, as soon as the subsequent PS nanospheres
were released to the water surface, they were cap-
tured immediately by the preliminary monolayer
and transformed into a stable monolayer. After the
completion of the self-assembly process, the
obtained PS colloidal monolayer was transferred to
the target wafer by lowering the water level. To
ultimately reduce the crystal defects, especially the
overlapping nanospheres, a homemade holder was
adopted to keep the wafer vertical as shown in
Fig. 1(c). Finally, a nearly-perfect PS colloidal
monolayer in wafer-scale was achieved with the
average domain size up to centimeter scale.

2.3. Preparation of “hedgehog-like”

nanosphere arrays

The process for preparing Ag-covered “hedgehog-
like” nanosphere arrays (Ag/HLNAs) is depicted
schematically in Fig. 2. Si substrates with PS
nanosphere arrays packed closely in hexagon were
put into the chamber of RIE apparatus (RIE-150,

Beijing Zhongke Tailong Electronic Technology
Co., Ltd., China) for O, plasma etching. During the
process of plasma etching, the RF power was set at
50 W, the chamber pressure was 36 mTorr, and the
flowing rate for O, was 200 sccm, respectively.
Under these conditions, the treatment time of O,
plasma lasted for 60s. The aforementioned opera-
tion was performed twice and stopped for a period
of time, in order to stabilize etching speed of the PS
nanospheres by avoiding high temperature. Subse-
quently, HLNAs were obtained. Then, an Ag layer
with a thickness of 10 nm was evaporated on rough
surface of the HLNAs at a deposition rate of
0.3A -s7! using DE400 EBEAM e-beam evapora-
tion system (10kV, 7 x 105 Pa). After the above
procedures, Ag/HLNAs were acquired. For com-
parison, a flat Si substrate covered with Ag NPs was
also fabricated simultaneously under the same
evaporation conditions mentioned above.

2.4. Electromagnetic field simulations

The electromagnetic field distribution of the 2D
structure and the HLNAs was simulated using finite
difference time domain (FDTD) software. The di-
ameter of the Ag NPs and PS nanospheres was set
according to the average size measured by scanning
electron microscope (SEM). A plane wave source
(532 nm) with polarized light along the z-axis was
used for light excitation from the top. To obtain
relatively high precise field enhancement resolution,
the grid size was set to 1nm X 1 nm x 1nm with a
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Fig. 2. Schematic fabrication procedures of Ag/HLNAs.

conformal variant 2 mesh refinement. Since the
HLNAs were periodic in the lateral dimensions, only
one unit cell was calculated with appropriate peri-
odic boundary conditions adopted to the lateral side
of the computational domain. The bottom and top
parts of the domain were dealt with uniaxial per-
fectly matched layers to absorb the outgoing waves
and thus mimic infinitely extended background. To
properly compare the difference of the electromag-
netic field distribution between the flat substrate
and the HLNASs, an identical setting was applied to
the flat substrate model.

2.5. Characterization and SERS
measurements

SEM (Hitachi S-5500, Japan) with a primary elec-
tron energy of 3kV was employed to characterize
the morphologies of the as-prepared samples. SERS
measurements were performed using a confocal
Raman microscopy (inVia Reflex Raman micro-
scope, Renishaw PLC, UK) equipped with a He-Ne

laser of 532 nm, the excitation power was chosen as
0.05mW and the integration time was set as 10s.
For the SERS measurements of R6G molecules, a
series of 4 ul. R6G solutions with a concentration
gradient were dropped on surfaces of the samples
and dried at room temperature. To obtain the
spectra of thiram analytes, the samples were im-
mersed into 0.5 mL thiram solutions with different
concentrations for two h, taken out and then dried
in air. For comparison, all the collected spectra were
normalized by the laser power and integration time.
After measurements, the data were processed by
WiIiRE 3.2 software. Baseline correction was per-
formed to suppress background noises.

3. Results and Discussion
3.1. Characterization of Ag/HLNAs

As shown in Fig. 3(a), highly ordered PS nano-
spheres arrays were easily formed at the three-phase
boundary (air, water subphase, and glass slide) by
the convex-meniscus-assisted self-assembly method.
A partially enlarged image in Fig. 3(b) shows that
the colloidal monolayer formed by self-assembly is
virtually defect-free. Therefore, the high-quality
stable 2D colloidal nanospheres arrays could further
ensure high uniformity of Raman signals in subse-
quent SERS detections. Figure 3(e) schematically
explains the formation mechanism of HLNAs.
During the process of oxygen plasma etching of PS
nanospheres, the chamber is filled with oxygen at a
steady flow rate, and it maintains a low pressure
under simultaneous pumping. Oxygen atoms are
ionized under the action of a high-frequency electric
field, and the oxygen plasma (reactive species)

»

Fig. 3. SEM images of (a) closely-packed PS nanosphere arrays (top view). Inset shows a photograph of the colloidal monolayer on
a 2-inch silicon wafer. (b) A zoom in view of the 2D PS single colloidal crystals. (c) HLNAs (angled view at 30° tilt). (d) Ag NPs-
covered HLNAs (angled view at 30° tilt). Inset shows the corresponding nanostructures in high magnification. (e) Schematic

diagram of etching mechanism and process of RIE apparatus.
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containing oxygen ions and electrons, excited neu-
tral particles, and photons, etc., is produced. The
reactive species then attach to surfaces of the PS,
break the C—C bonds and enhance the formation of
low molecular-weight fragments. Subsequently, the
further oxidization of the carbon and hydrogen
produces volatile products including CO, and H50O,
which are released from the substrate and purged
out via a vacuum system.?’ Hence, the PS size is
decreased in situ with an increase in etching time.
Meanwhile, the accelerated oxygen ions also physi-
cally strike surfaces of the PS spheres under a strong
electric field. Therefore, due to the synergistic effect
of both chemical and physical etching, the size of
nanospheres is gradually reduced while nanospikes
are formed on their surface, as shown in Fig. 3(c).
The prepared Ag NPs-covered HLNAs for SERS
measurements is presented in Fig. 3(d). In particu-
lar, lower evaporation rates lead to denser Ag NPs
on surface of the HLNAs. Aggregated Ag NPs can
form “hot spots” and greatly enhance the locally
polarized electric field, resulting in significant
Raman enhancement.

3.2. Characterization of SERS
capability

R6G was used as a probe molecule to investigate
SERS performance of SERS-active substrates. To
evaluate the SERS effects, typical Raman spectra
of 107 M R6G measured on the Ag-decorated flat
Si, and HLNAs are shown in Fig. 4(a). The
Ag/HLNAs present the strongest Raman signals of

R6G molecules from these two types of substrate
configurations. Figure 4(b) shows the Ag/HLNAs
display the highest SERS intensities at different
characteristic peaks. This phenomenon demon-
strated the Ag NPs on the surfaces of HLNAs
greatly enhance the LSPR coupling effect, leading
to tremendous increase of Raman signals.

SERS measurements with different R6G con-
centrations were performed in order to assess the
LOD of the Ag/HLNAs. The Raman spectra of
Ag/HLNAs grafted with different R6G con-
centrations of 1074 M, 1075 M, 108 M, and 1012
M are illustrated in Fig. 5(a). As the R6G con-
centration decays exponentially, the signal inten-
sities at 613cm~!, 1362cm~!, 1511cm™!, and
1650 cm ™! decrease obviously. However, these
characteristic peaks of R6G are still distinguish-
able at the low concentration of 1072 M. The
SERS spectra reveal the characteristic peaks of
R6G at 613cm~! (C-C-C ring in-plane bending
mode), 773cm~! (C-H out-of-plane bending
mode), 1184 cm~! (C—H in-plane bending mode),
1312cm~! (C-O stretching vibration mode), and
1362cm !, 1511cm ™!, and 1650cm~! (aromatic
C—C stretching mode), respectively.? Figure 5(b)
further illustrates the relationship between the
R6G concentration and SERS spectral intensity at
613cm~!, 1362cm~!, 1511 cm~!, and 1650 cm 1.
It indicates that SERS intensity increases rapidly
with a large slope when the concentration of R6G
is higher than 108 M. Meanwhile, there is an ex-
cellent linear response ranging at concentrations of
1074-10"8M. The coefficient of determination

Ag/HLNAs

11 0000 —— Ag/flat Si

SERS Intensity (a.u.)

| agrilat Si
| Ag/HLNAS

N

]:10000

SERS Intensity (a.u.)

L} L} L} T
600 800 1000 1200 1400 1600
Ranman shift (cm™)

(a)
Fig. 4.

613 773 1362 1511 1650
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(b)

(a) Raman spectra of 107 M R6G measured on Ag/flat Si and Ag/HLNAs, respectively. (b) SERS intensities of these two

substrates at 613 cm !, 773cm !, 1362cm ™!, 1511 ecm ™!, and 1650 cm ! in (a).
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Fig. 5. (a) Raman spectra of different concentrations of R6G adsorbed on Ag/HLNAs. Inset shows the molecular structure of R6G.
(b) SERS intensity-logarithmic plot of R6G at different concentrations of 107* M to 107!2 M from four characteristic peaks in (a).
(c) SERS spectra of 1072M and 107> M R6G detected on flat Si substrate and Ag/HLNAs, respectively. (d) Raman spectra of
1078 M R6G obtained from the Ag/HLNAs at 10 random positions. SERS intensities of characteristic peaks at (e) 613 cm~! and
(f) 1511 cm ! collected from the spectra in (d).

(R?) at 613cm~!, 1362cm~!, 1511cm~!, and by the following equation®!
1650 cm ! was calculated as 0.954, 0.956, 0.958,
and 0.970, respectively.

To investigate the enhancement ability of the
Ag/HLNAs demonstrably, the enhancement factors ~ where Isgrg and Ig,y., represent signal intensities
(EFs) of these typical Raman peaks were calculated ~ obtained on the SERS substrate and reference

EF = I SERS « N Raman
= )
I Raman N SERS

L

Fig. 6. The results of the FDTD simulation. (a, b) The simplified physical model of the planar structure and the Ag/HLNAs. (a-1,
-2) Vertical and parallel section views of the local electric field distribution in (a). (b-1, b-2) Vertical and parallel section views of
the local electric field distribution in (b).
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substrate at the same characteristic peaks, respec-
tively. Ngprs and Niaman are the number of excited
probe molecules (R6G) in the SERS substrate
and reference substrate under the same volume.
Figure 5(c) depicts the reference spectrum of 102 M
R6G obtained on flat Si substrate (black curve) and
SERS spectrum obtained from 10~ M R6G on Ag/
HLNAs (red curve). After calculation, the maxi-
mum EF value of R6G triggered by Ag/HLNAs is
2.79 x 107 at 613 cm~!. In our SERS devices, the O,
plasma treated PS nanospheres provided the curved
and rough surfaces, which supplied a large area for
decoration of Ag NPs. Compared with Ag/flat Si,
the Ag/HLNAs provide more “hot spots” for SERS
activities within the same excitation light area. In
addition, the “hot spots” between Ag NPs located
on surface of the flat Si contribute partly to the
SERS signal improvement.

As an efficient SERS substrate, the uniformity
needs to be verified. To evaluate the reproducibility
of the Ag/HLNAs, SERS spectra of 1078 M R6G
were collected at 10 random positions and were
shown in Fig. 5(d). It should be noted that all SERS
spectra were obtained from three different samples
under the same conditions. In the 10 spectra, the
intensities of the characteristic peaks at 613 cm™!
and 1511 cm ! were further illustrated in Figs. 5(e)
and 5(f). The corresponding RSDs for the peaks at
613cm~! and 1511cm~! were calculated to be
5.20% and 8.00%, respectively. All the RSD values
are less than 10%, indicating the excellent repeat-
ability and uniformity of Ag/HLNAs for SERS
applications.
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3.3. Electromagnetic enhancement

mechanism

To better understand the distribution of “hot spots”
between the Ag NPs covered on flat substrate and
HLNAS, the local electromagnetic field distributions
of both the nanostructures were simulated using
FDTD. Figures 6(a) and 6(b) displayed the 3D models
based on simplified nanostructures of the Ag/flat Si
and Ag/HLNAs, respectively. In two models, the
diameters of the PS nanospheres and the Ag NPs were
fixed at 300 nm and 30 nm, respectively. The gap be-
tween the Ag NPs was slightly varied from 3nm to
8 nm according to the SEM. Then, a plane wave source
with a wavelength of 532 nm was irradiated onto the
nanostructures. In both nanostructures, the near-field
coupling between neighboring Ag NPs caused en-
hanced local electromagnetic fields confined to narrow
regions between NPs. As shown in Figs. 6(a-1) and
6(a-2), all “hot spots” existed simply between Ag NPs
on the 2D plane. However, as compared to the 2D
structure, more “hot spots” appeared between the
Ag NPs around the PS nanospheres in HLNAs
(Figs. 6(b-1) and 6(b-2)). The simulation results
revealed that the rough PS sphere surface in
Ag/HLNAs allowed the loading of more Ag NPs, and
numerous 3D “hot spots” generated between them
greatly enhanced the SERS effect.

3.4. SERS performance of trace
pesticide detection

To further explore the substrate’s possibilities
for quantitative analysis of trace pesticides, the

10000
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(a) Raman spectra of thiram with different concentrations obtained on the Ag/HLNAs. Inset shows the molecular structure

of thiram. (b) Linear fitting curve between logarithmic thiram concentrations and their corresponding SERS intensity at 1381 cm

peak shift in (a).
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Ag/HLNAs were applied to detect a dithiocarba-
mate compound (thiram). The Raman spectra of
thiram in acetone solutions with varying con-
centrations are displayed in Fig. 7(a). A total of four
characteristic peaks were distinguished at 562 cm 1,
1147cm™!, 1381cm™!, and 1511cm™! from the
SERS spectra. The strongest peak at 1381 cm™1,
which was attributed to C-N stretching as well as
symmetric CH3 deformation, was selected for the
subsequent quantitative analysis. Therefore, even as
the LOD of thiram reached up to 10=8 M, enhanced
characteristic features at 1381 cm™! were still ob-
served. Moreover, the peak at 562cm~! was as-
cribed to S-S stretching.”” As for the peak at
1147cm !, it was attributable to C-N stretching
and CHj; rocking. The peak located at 1511 cm~!
could be assigned to C-N stretching and CHjz de-
formation.*” Figure 7(b) further reveals a linear
relationship between logarithmic thiram concentra-
tions and their corresponding SERS intensity at
1381cm~!. As the thiram concentration increased
from 1078 M to 10~* M, the Raman intensity changed
according to a good linear response with a large slope.
The fitting equation was y = 1970.87x + 15276.17,
with R? of 0.954. The above results demonstrate
the prepared Ag/HLNAs based on improved self-
assembly strategy with high sensitivity and unifor-
mity possess enormous potential in SERS quantitative
analysis of trace pesticides.

4. Conclusion

In summary, highly-ordered Ag/HLNAs were pre-
pared by combining improved self-assembly, RIE,
and e-beam evaporation, which provide a cost-
effective and convenient approach for SERS mea-
surements with high sensitivity and uniformity. It
shows an excellent enhancement effects for R6G
molecules with a LOD of 1072 M and an EF of
2.79 x 107. It should be noted that an average RSD
< 10% was obtained. In addition, thiram as one of
the pesticides was detected up to a concentration of
10-8M. Therefore, the Ag/HLNAs as effective
SERS devices offer promising applications as in
rapid detection of trace organic pollutants.
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