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In this work, we propose simple and inexpensive methods to prepare micro/nano hierarchical Surface-
Enhanced Raman Scattering (SERS) substrates, in which pyramid structure is created by using anisotropic
wet etching of a silicon wafer and a silver thin film is deposited on these pyramid arrays by thermal
evaporation. The ensemble is then annealed at 450 °C for 2 hours to form silver nanoparticles (AgNPs).
The sizes and density of the pyramids and AgNPs are optimized mainly by changing the etching
temperature (60-80 °C), the thickness of the Ag-film (15-45 nm) and etching time (3—-10 min). The
ultraviolet visible (UV-Vis) absorbance spectra show that the AgNPs formed with the 30 nm-thick film
exhibit the strongest plasmonic effect. Under these conditions, the spherical AgNPs with sizes of 42—

48 nm are densely distributed on the silicon micro-pyramid array. The obtained SERS signal is the
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Accepted 13th September 2021 strongest at the pyramid base-edge size of 7-10 um. The enhancement factor obtained from the

abamectin probe molecules is as high as 1 x 10° and the SERS substrates enable the detection of

DOI: 10.1039/d1ra05215b abamectin concentrations as low as 5.7 x 1072 M. Therefore, this work provides a novel SERS substrate

Open Access Article. Published on 22 September 2021. Downloaded on 12/4/2025 11:03:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

Introduction

Abamectin (avermectin B1) was first introduced in 1985 as
a crop insecticide against mites and some insect species.
According to the criteria for the EU classification of dangerous
substances (EC 2001), abamectin should be classified as very
toxic to aquatic organisms. Although low concentrations of
abamectin are expected in water bodies, very low concentrations
of abamectin could also cause toxic effects on some sensitive
aquatic organisms." The detection of trace quantities of aba-
mectin usually employs expensive equipment such as liquid
chromatography mass spectrometry (LC-MS), high-performance
liquid chromatography (HPLC), etc. It is necessary to develop
high throughput and cost-effective methods for screening these
residues. The Surface-Enhanced Raman Spectroscopy (SERS)
technique meets these requirements because it is a very fast and
sensitive method of detecting chemicals and biomolecules.
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structure that has a high potential for use in medicine and biotechnology or as a food security sensor.

Some authors have shown that strong localized surface
plasmon resonance (LSPR) occurs at the nanoscale of noble
metals, which can greatly improve the SERS signal (SERS hot
spots).*” There are two mechanisms for increasing SERS signal
widely accepted. Those are electromagnetic (EM) enhancement
and chemical enhancement. The EM enhancement is related to
the excitation of LSPR of the metal nanostructures. At this time,
the magnitude of the EM field at proximity places around the
metal nanostructure increase significantly. Meanwhile, the
chemical enhancement associated with the charge transfer
mechanism between the target molecule and SERS substrates
due to the chemisorption of target molecules on the metal
nanostructures. However, the chemical enhancement mecha-
nism is molecule specific and typically gives a much lower
enhancement factor compared to the EM enhancement. More-
over, studies have shown that the SERS signal can be improved
in 3D microstructure substrates, for example, ZnO nano-
flower,' nanowires, nanorod,’ TiO, nanowires,?® flower-like
alumina,* silicon nanowire and pyramid structures,>*° due to
their large surface areas for more metal particles loading and
light-trapping effects. To generate very strong SERS signals, the
combination of the 3D microstructure substrates and the strong
local plasmons resonance of nanoparticles emerges as a novel
solution. Such micro/nano hierarchical structures have been
reported by other authors.>®**?* Among them, 3D SERS

substrates based on silicon pyramid loading silver
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nanoparticles (AgNPs@PSi) reveal high enhancement factor,
reliability and repeatability compared with other dimensional
substrates. Many researches on AgNPs@PSi have been recently
reported.®**** Most of them focus on the mechanism of SERS
effect and the control of AgNPs size. However, there are still
several points remained to be solved: (1) the spatial gap between
AgNPs is not small enough to active as “hot spots”, (2) how to
control the growth of AgNPs without agglomeration. Interest-
ingly, these points are directly related to the pyramids size. In
this work, the mechanism for improving SERS signals related to
the size of pyramids, the size of AgNPs, and the gap among
AgNPs have been discussed also in detail.

In the present work, we provide simple method to prepare silver
nanoparticles (AgNPs) on silicon pyramid substrates for the
enhancement of SERS signals. We use silicon anisotropic wet-
etching in solution containing KOH (potassium hydroxide) and
IPA (isopropyl alcohol) to produce a random pyramid structure on
a silicon wafer and then use the thermal evaporation deposition to
create a silver film on the pyramid substrates, then a heat treat-
ment to form AgNPs. In fact, there are so many methods to
fabricate AgNPs reported for years.'***” Each method has own
advantages or disadvantages. The thermal evaporation method to
create AgNPs from initial Ag film is simple and has no impurities
affect. In our work, the pyramid and AgNPs sizes were controlled
by changing experimental parameters such as the etching
temperatures, etching time and thickness of Ag film, respectively.
Finally, we applied the prepared SERS substrates to detect aba-
mectin solutions. The results indicate that the optimum substrates
have high sensitivity and can detect abamectin at concentrations
as low as 5.7 x 107° M. In addition, the correlation between
pyramid size and enhancement effect have been demonstrated.

Experimental and characterization
Materials

The planar Si wafers were purchased from MTI Corporation
(USA). Methanol, isopropyl alcohol, hydrochloric acid 37%,
hydrofluoric acid 43%, acetone and H,0, were purchased from
Merck (Germany). Potassium hydroxide was supplied by VWR
Chemical (Belgium). Abamectin for Raman measurements was
purchased from Sigma Aldrich (USA). The deionized (DI) water
used in experimental process was obtained from a Millipore
Purification System with a resistivity of 18.2 MQ cm ™.

Sample preparation

The preparation process of AgNPs on Si pyramid (AgNPs@PSi)
substrate is presented in Fig. 1. The substrates were fabricated by
using chemical wet-etching of (100) silicon wafers in KOH and IPA
solutions. Firstly, the Si wafers were cleaned in an ultrasonic bath
using acetone, alcohol and deionized water for 5 min, each. Subse-
quently, the samples were immersed in a (HCI : H,0,) solution for
10 s to remove organic residues and metal ion impurities. For the
next step, the samples were dipped in a dilute 10% HF solution for
removal of the thin silicon oxide layer on the surface of the Si wafers.

After this cleaning process, the samples were anisotropically
etched in a solution containing KOH and IPA. As a result of the
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Fig. 1 The preparation process of AgNPs on Si pyramid, denoted as
(AgNPs@PSi) substrates.

etching process, pyramids were formed on the surface of the Si
substrates. The number and size of the pyramids on the Si
surface can be controlled by the etching conditions such as
etching time, etching temperature, and KOH/IPA concentra-
tions. In the present work, the etching temperatures were 60 °C,
70 °C, and 80 °C; the etching time varied from 3 to 10 min; the
composition of the solution was KOH (4 M) and IPA (0.65 M).

AgNPs were fabricated thermally on Si pyramid substrates
for the detection of abamectin and on quartz substrates for UV-
visible measurements to investigate the plasmonic effect of
these AgNPs. Firstly, a thin film of silver was deposited on the
Si/quartz substrate by thermal evaporation (GSL-1700X-SPC-2
from MTI). Then the samples were annealed in vacuum (10
mTorr) at a temperature in the range of 400500 °C for AgNPs
formation. The annealing time varied from one hour to three
hours. By controlling the experimental parameters of silver thin
film thickness, annealing time and annealing temperature, the
nearly spherical shape AgNPs can be fabricated at the optimal
experimental conditions. These spherical AgNPs give a highly
efficient plasmonic effect, as shown clearly in the UV-visible
measurements.

In this work, the insecticide abamectin was used as a target
molecule. A range of concentrations from 5.7 x 10°° M to 1.14 x
107> M of aqueous solutions of abamectin, was prepared for SERS
testing on AgNPs@PSi substrates. A 30 pl drop of abamectin was
deposited and spread out on each SERS substrate. After they were
completely dried, Raman spectra were measured.

Characterization

Field-emission-scanning electron microscopy (FESEM, Hitachi
$4800) and optical microscopy (OM, Olympus MX51) were chosen
to characterize the surface morphology of the PSi/AgNPs@PSi
substrates. The crystalline quality and the single-crystalline struc-
ture of AgNPs@PSi and PSi were characterized using a Bruker D8
Advance diffractometer. For this work, a copper sealed-tube X-ray
source produced Cu Ko, radiation at a wavelength of 1.5406 A.
The generator operated at 40 kV and 40 mA.

The plasmonic effect of AgNPs was investigated using UV-
Visible measurements (Jasco V-730). Raman spectra were
recorded using a Raman microscope system (XploRA plus,
Horiba) with laser excitation at 532 nm.

The AgNPs diameter and the nearest-neighbor distance
between AgNPs were calculated from FESEM images using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Image] sofware. In this case, each silver particle was considered
as a sphere and the diameter D of particle was obtained through
its area A. To improve the precision, area A of separated grains
with high contrast were selected. The diameter D was deduced
from area A via D = 2,/A/x. To the nearest distance, the “ND
plugin” was used to determine the spacing d between grain

boundaries as d= \/(yz 1)+ (6, —x1)* = (r + 1), in
which (x, y) is centroid coordinates of each AgNPs, r is the
radius of AgNPs.”® The coordination number 5 is preferred in
the present work.

Results and discussion
Pyramid formation on Si substrates

Several papers have reported on Si anisotropic etching using
KOH solutions in presence of IPA.****® The etching rate on the
crystal orientations (100), (110), and (111) is different due to the
different number of back-bonds of Si atoms on the surface.
Each Si atom on the surface of a Si (100) wafer has two back-
bonds which connect to underlying silicon atoms and two
dangling bonds; while that of Si (110) or Si (111) has three back-
bonds and one dangling bond. Therefore, the removal of one Si
atom from the (100) plane is easier compared to that from the
(110) or (111) planes. As a result, the wet-etching processes take
place much faster along the [100] directions compared to
others. With different surface orientations of a Si wafer, wet-
etching with a KOH solution will give different etched-Si
surface morphologies. In the present work, the Si (100) orien-
tation was used for anisotropic etching in order to obtain the
formation of pyramids on the surface. As etching occurred
mainly along the [100] direction and stopped at the (111) plane,
the pyramids formed on the Si surface had (100) orientation as
the base plane and (111) as the edge plane.

The Si wafers are etched only by OH ™ radicals. The role of IPA
is to reduce the etching rate, which yields anisotropic etching
and leads to the easy and clear formation of pyramid shapes. In
the etching process, there are hydrogen bubbles formed on the
surface that can prevent the approach of OH™ radicals to the
surface. For this reason, the resulting pyramid shapes are not
perfect. To minimize this effect, the Si wafers were shaken softly
after being dipped into the etching solution, so as to remove
hydrogen bubbles.

The etching conditions include etching temperature, etching
time, and the concentrations of KOH and IPA. The purpose of
the present work was to optimize these experimental condi-
tions, so as to obtain good pyramid shapes, high density of
pyramids on the surface and controlled pyramid size. The
concentration of the KOH/IPA solution was kept at KOH (4 M)
and IPA (0.65 M) which is commonly used for Si wet etching.>**°
For investigating the effect of the etching time on pyramid
formation, the etching time was varied from 3 to 10 minutes
(Fig. 2).

The results showed that the etching time has little effect on
pyramid size, but that it plays an important role on the density
of pyramids formed. For the present research, the optimized
etching time for obtaining a very dense formation of pyramids

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 OM images of PSi with various etching time and the etching
temperature of 70 °C (a) 3 min, (b) 5 min, (c) 7 min, (d) 10 min.

was found to be 7 minutes. The etching rate depends strongly
on temperature and the etching temperature mainly determines
the size of pyramids. If the etching temperature is lower than
60 °C, the pyramid size is around 1 pm, which gives a very weak
effect on SERS signal. On the other hand, if the etching
temperature is higher than 80 °C, the IPA evaporates too quickly
and the reaction rate is so fast that pyramids are no longer
formed. Here, the etching temperatures of 60 °C, 70 °C, and
80 °C were chosen for detailed investigations.

According to the FESEM and OM images of Fig. 3, the length
of the base-edge is around 1-3 um, 3-7 pm and 7-10 um at
60 °C, 70 °C, and 80 °C, respectively. This data indicates that the
higher the etching temperature, the larger the pyramid. So the
3D pyramid-microstructure size can be controlled with the
appropriate etching temperature. From these images, one can
see that the Si pyramids are densely and randomly distributed

Fig. 3 FESEM image of PSi with etching temperature of 60 °C (a); OM
images of PSi with various etching temperatures (b) 60 °C, (c) 70 °C, (d)
80 °C.

RSC Adv, 2021, 11, 31189-31196 | 31191
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on the wafer surface, thus exhibiting a perfect surface texture.
Zhong et al. reported that such random-sized pyramid array can
collect light over a wide wavelength range more efficiently than
a planar structure or even a single-sized pyramid array.*

Reflectance spectra

To evaluate the optical performance of the substrates, the
reflectance spectra of substrates with different pyramid sizes are
compared in Fig. 4.

The flat Si substrate has the highest reflectance of around
40% in the spectral range from 500 to 900 nm due to its much
smoother surface. The formation of pyramids on substrates (as
shown in the inset image of Fig. 4) leads to a significant
reduction of surface reflectance. When the pyramid size is in
range of 7-10 pm, the reflectance is only 6%. These results are
in a good agreement with those reported by other authors.?***
This result indicates that PSi substrates can trap the incident
light effectively for scattering and absorbance. The larger the
pyramid size, the greater the scattering effect. This observation
is very useful for modelling an increase of the SERS signal.

UV-Vis spectroscopy

UV-Vis absorption spectroscopy was also utilized to investigate
the plasmonic effects of AgNPs. Noble metal nanoparticles
exhibit strongly localized surface plasmon resonance (LSPR),
which is a collective oscillation of free electrons on the surface
of metal nanoparticles during irradiation. Due to the external
electric field of the incident light, the collective motion of free
electrons results in a polarization which acts as a restoring force
for oscillation. Resonance occurs when the frequency of the
collective oscillation is equal to that of the incident light. With
resonance, the incident light is strongly absorbed and scattered,
which results in a corresponding peak in the UV-Vis spectrum.
The intensity of the electromagnetic field may be significantly
larger than that of the incident light.

60-
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e 20 3 pm
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400 600 800 1000
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Fig. 4 Reflectance spectra of flat Si substrate and PSi substrates with
various pyramid sizes. The inset image is AFM image in 3D of PSi
substrate with pyramid size of 3—7 um.
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The resonance frequency depends strongly on nanoparticle
size, shape and its environment. In fact, the resonance happens
only if the noble metal nanoparticles are small enough
comparable to wavelength of incident light and decay quickly
with much increased particle size. For a deep investigation of
AgNPs surface plasmons, the AgNPs were prepared on quartz
substrates under various experimental conditions. Hence,
variations were made of the silver thin-film thickness, corre-
sponding to deposition time of 10, 20 and 30 s, annealing time
of 1, 2 and 3 h and temperatures of 400, 450 and 500 °C.

Fig. 5 presents the UV-Vis spectra of the silver film with
a deposition time of 20 s, before and after a heat treatment at
450 °C for 2 h. The FESEM images of silver film and of AgNPs
formed after annealing are also inserted. The absorbance curve
of a silver thin film without annealing is characteristic of
a metallic mirror. The cross-section FE-SEM image of a silver
thin film on a flat silicon substrate with a deposition time of 20 s
is shown in Fig. 4. The SEM image exhibits the formation of the
homogeneous silver film with a thickness of 30 nm on the Si wafer.
However, after heat-treatment of silver thin-films in vacuum at
450 °C for 2 h, AgNPs are formed. This conclusion is drawn from
the broad band which appears between 320 and 600 nm with
a maximum at 415 nm. This band corresponds to the localized
surface plasmon resonance of perfectly spherically-shaped AgNPs.
The band contour is indicative of a mono-dispersity of the size
distribution. In addition, we observe the small shoulder at wave-
length of 360 nm. This shoulder corresponds to quadrupolar out-
of-plan resonance due to the formation of AgNPs other than
sphere as seen in SEM image.****

Fig. 6a shows the UV-Vis spectra of Ag films deposited for
20 s after annealing at 400, 450 and 500 °C for 2 hours. It can be
seen that the annealing temperature of 450 °C is the optimal
condition to create AgNPs with the greatest plasmonic effect.
The absorbance of plasmonic peak in conditions of 400 °C and
500 °C are significantly decrease as shown in the UV-Vis spectra.
These statements are confirmed by SEM results. Fig. 6b-
d present SEM images of AgNPs after heated treatment at 400,
450 and 500 °C. The SEM images show that the thermal energy
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Fig. 5 UV-Vis absorbance spectra of silver thin film before and after
annealing. The inset is the FESEM images of the silver thin film with
a deposition time of 20 s and of AgNPs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-Vis absorbance spectra of AgNPs annealed at 400 °C,
450 °C, 500 °C for 2 h (a) and their SEM images (b, c, d).

at 400 °C is not enough to form separate AgNPs. However,
AgNPs have a tendency to aggregate and larger size at temper-
ature of 500 °C. The sample heated at 450 °C results in forma-
tion of the spherical and individual silver nanoparticles. These
observations are consistent with that obtained by UV-Vis
spectra.

The influence of deposition and annealing times on the
surface plasmon resonance of AgNPs were also investigated and
shown in Fig. 7a. All samples were annealed at the optimal
temperature of 450 °C. A longer deposition time leads to the
formation of larger AgNPs as a consequence of an increase in
thickness of silver thin film. For more details, the sample of 10 s
and 2 h shows a very low intensity although the peak indicates
a monodispersity of distribution size. The reason is a low

Absorbance (a.u.)

Fig. 7 UV-Vis absorbance spectra of AgNPS as a function of deposi-
tion time (10°s, 20 s, 30 s) and annealing time (L h, 2 h, and 3 h) (a) and
SEM images of AgNPs for conditions of 20 s—-3 h (b), 30 s—-2 h (c) and
30 s-3h(d).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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density of AgNPs formation due to the film thickness of 15 nm.
With an increased deposition time to 20 s corresponding to the
film thickness of 30 nm and heat treatment for 1 h, there is not
enough time to separate completely Ag film into uniform
AgNPs. As a consequence, there are some large particles created
so that the plasmonic peak has low intensity and shift to
a longer wavelength. For heat treatment for 3 h, the low peak
intensity and a red-shift of plasmonic peak are behaviours of
the increased particle size and low density of AgNPs due to the
agglomeration of AgNPs. The absorption intensity reaches
a maximum at an annealing time of 2 h. This is an appropriate
annealing time for achieving AgNPs with good optical property
in case of Ag film deposited in 20 s. With a rising of deposition
time to 30 s corresponding to the film thickness of 45 nm, the
heat treatment time for 2 h is not enough for separating the
whole film into AgNPs. This effect is similar to the case of 20 s
and 1 h. When annealing time is extended for 3 h, the peak
intensity increases dramatically due to the monodispersity size
of AgNPs formed. It can be seen that the plasmonic peak of the
30 s to 3 h sample has a little red shift comparable to that of the
20 s to 2 h sample because the thicker the Ag film the larger the
formed AgNPs. However, the peak intensity of the 30 s to 3 h
sample is lower than that of the 20 s to 2 h sample due to the
longer gap among AgNPs and the lower density of AgNPs. The
SEM images in Fig. 7b-d provide clear evidences for these
statements. In conclusion, this study has investigated in detail
the experimental condition for the fabrication of AgNPs by
thermal evaporation. These results show an optimized condi-
tion to prepare AgNPs, that is the deposition time in 20 s cor-
responding to 30 nm Ag film-thickness, annealing time and
temperature of 2 h and 450 °C, respectively.

Microstructure properties

The UV-Vis absorption spectra showed that the optimum
experimental conditions for the formation of AgNPs having the
highest surface plasmon resonance peak are the heat-treatment
temperature of 450 °C for 2 h and the silver film thickness of
30 nm. The low magnification SEM images in Fig. 8 show the 3D
structure of AgNPs@PSi and the uniform formation of AgNPs
on the surface of pyramids.

Fig. 9 displays FESEM images of AgNPs@PSi substrates with
different pyramid sizes, AgNPs size-distributions and distances
between AgNPs. The spherical AgNPs are formed homoge-
neously and densely on the pyramids. This observation is in

Fig. 8 The low magnification SEM images of AgNPs@PSi substrate.
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Fig. 9 The FESEM images, the size distribution, and the spacing
d between grain boundaries of AQNPs@PSi substrates with different
pyramid size (a, b, ¢) 1-3 um; (d, e, f) 3-7 pm; (g, h, i) 7-10 pm.

good agreement with that obtained by UV-Vis spectra. The size
distribution of AgNPs and the distance between AgNPs were
fitted with a Gaussian profile. The AgNPs average size and the
spacing between particles depend slightly on the size of pyra-
mids. These parameters decrease from 48 nm to 42 nm and
from 47 nm to 40 nm, respectively, with an increase of pyramid
size because the surface area of the pyramid increases with
pyramid size in range of 1 pm and 10 um. In fact, on the surface
of bigger pyramid, the Ag film is thinner at the same deposited
condition. As a result, after annealing, the smaller AgNPs are
formed corresponding to the higher density of AgNPs and the
smaller gap among AgNPs, which is an important factor to
decide to the strong LSPR occurrence as observed in the UV-Vis
spectra. The smallest average particles size of 42 nm with a gap
of 40 nm were obtained for AgNPs@PSi substrates with the
pyramid size of 7-10 um.

Some studies indicated that the electromagnetic field in local-
ized surface plasmon resonance (LSPR) decreases rapidly with the
distance from the surface of the metal particle, especially in the
range of 10-30 nm.**® Moreover, the work of R. Xiu He et al.**
recommended that an increase of particle size from 35 to 65 nm
produces stronger LSPR for an excitation of 633 nm. Obviously, our
findings meet these conditions and thus, these substrates are
suitable to active as SERS surfaces to detect organic molecules.

X-ray diffraction

The X-ray diffraction (XRD) patterns of PSi and AgNPs@PSi
substrates recorded by Bruker D8 Advance are shown in Fig. 10.
Both patterns show a sharp peak close to 69.1° assigned to the Si
(100) reflection. Moreover, the diffractogram of AgNPs@PSi has
been compared with the standard powder diffraction card of
JCPDS-04-0783 of silver. The appearance of four peaks at 26 =
38.2, 44.5, 64.8, and 77.4° correspond to (111), (200), (220) and
(311) crystal planes of silver crystals. Thus, the XRD study

3194 | RSC Adv, 2021, 11, 31189-31196

View Article Online

Paper

Intensity (a.u.)

AgNPs@PSi

PSi

T T T T T

20 30 40 50 60 70 80
2 Theta (°)

Fig. 10 XRD patterns of PSi and PSi@AgNPs substrates.

confirms that AgNPs with the face-centered cubic crystal
structure are formed on the Si pyramids.

SERS measurements

To evaluate the effect of pyramid size on enhancement of the
signal, Raman spectra with an abamectin concentration of 5.7
x 1077 M were recorded. Fig. 11 presents the SERS spectra of
substrates with the pyramid sizes of 1-3 um, 3-7 pm and 7-10
um. The Raman spectra of substrate without abamectin is also
added as reference. All spectra show a characteristic sharp band
of silicon at 520 cm™". The band around 960 cm ™" is due to the
vibration of Si-OH on the surface of the Si substrate. In addi-
tion, three spectra of SERS substrates with abamectin appear
the bands at 624, 860 and 1110 cm™ " attributed to stretching
vibrations of C-O and the peaks at 1170, 1274 cm ™" for C-O-C
stretching vibrations. The peaks at 1376 and 1447 cm ™' are
assigned to C-H bending vibrations of (-CH;) groups. In addi-
tion, the band at 1613 em™" and 1730 cm ™' correspond to
benzene skeleton vibration and C=O0 of the ester groups of
abamectin, respectively.”®***° It is noted that the peak
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Fig. 11 Raman spectra of abamectin with the concentration of 1 ppm
on SERS substrates with different pyramid sizes.
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Fig. 12 SERS spectra as a function of abamectin concentrations
ranging from 5.7 x 107° to 1.14 x 10~> M on AgNPs@PSi substrates
with pyramid size of 7-10 um.

intensities of abamectin increase with an increase of Si pyramid
size. This finding indicates that the large pyramids lead to
a signal enhancement more efficiently than do small pyramids.
This result is due to two factors. Firstly, the AgNPs@PSi
substrate with large pyramids can trap and scatter excitation
light better than can small ones, as revealed in Reflectance
spectra section. Moreover, the large pyramids promote a denser
formation of AgNPs on pyramids due to their higher surface
area, thus enhancing the local electromagnetic field of AgNPs.
To achieve a high enhancement factor of the AgNPs@PSi
substrate, it is necessary to create large silicon pyramids in
range of 7-10 pm. This matter has never been demonstrated in
previous works.

Fig. 12 shows the SERS spectra of abamectin solutions with
various concentrations on SERS substrates having a pyramid
size of 7-10 um. The characteristic bands of abamectin at 624,
860, 1022, 1100, 1274, 1376, 1447, 1613 and 1720 cm™ " are
detected in all spectra. In particular, the band at 1447 cm ™ is
clearly observed even at the low concentration of 5.7 x 10~ ° M.
With rising abamectin concentrations, these peak intensities
are higher. This observation demonstrates that our SERS
substrates possess a good enhancement factor.

To calculate the enhancement factor (EF) value of aba-
mectin, we used the following formula:

EF = (ISERS/Inormal)/(NnormaI/NSERS)

where Isprs is the SERS intensity of the vibrational band at
1447 cm ™" of abamectin and I,,orma iS the intensity of this band
in the normal Raman spectrum. Ngggrs is the number of mole-
cules irradiated by the laser spot under SERS, and Nyorma is the
number of molecules on the flat silicon. The EF was calculated
to be about 1 x 10°, which is comparable to the results obtained
by other authors who used silver-based SERS substrates for
detecting pyridine and thiram molecules.?*>***>

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The linear relationships of the peak intensity at 1447 cm™ as
a function of abamectin concentrations ranging from 5.7 x 10~ t0 5.7
x 107° M.

The representative peak for abamectin at 1447 cm™ " was also
chosen to study the quantitative detection by monitoring the
intensity of this band as a function of the abamectin concen-
tration. Fig. 13 shows a good linear fit between the intensities of
the 1447 cm™ ' band and abamectin concentrations. The fitting
equation is

I1=0.273 x log C + 2.869

where I and C are relative SERS intensities of the band at
1447 cm™ ' after normalizing with the band of Si-OH at
960 cm ™' and the abamectin concentration, respectively. The
correlation coefficient R*> = 0.993 indicates that quantitative
detection of abamectin can be achieved using AgNPs@PSi
substrates. Moreover, this substrate is ideal for signal
amplification.

Conclusions

By using anisotropic Si wafers wet-etched in KOH and IPA
solutions, and using thermal evaporation and heat treatments
of silver thin films, we have successfully fabricated AgNPs@PSi-
based SERS substrates. AgNPs with a size range of 42-48 nm are
homogeneously and densely formed on the surface of pyramids
and the gap between AgNPs is about 40-47 nm. Substrates with
these nanoparticle sizes and inter-nanoparticle spacings exhibit
the most effective surface plasmonic resonance. In addition, it
is found that the pyramid size has significant influence on the
enhancement of SERS signal, due to the ability of light-trapping
for scattering and their large surface area. The strongest Raman
signal was obtained when the base-edge pyramid size was
around 7-10 pm. The performance of this SERS substrate
including high EF, sensitivity and quantitative ability has been
illustrated by the detection of abamectin. Thus, using SERS
substrates based on AgNPs of 42 nm and pyramid edges of 7-10
um, it was possible to detect abamectin molecules at
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concentrations as low as 5.7 x 10~° M, with an enhancement
factor of 1 x 10°. Such a remarkable SERS substrate promises
great potential for practical applications in food security.
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