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Abstract: In this work, we present a quick and simple approach for fabrication of active-surface-
enhanced Raman scattering (SERS) substrates based on silver nanoparticles (AgNPs) and porous
silicon nanostructures (denoted by Si/Ag substrate). SERS substrates were fabricated by a 3-stage-
process including the deposition of Au nanoparticles on Si wafer, etching for porous Si wafer, and
coating Ag NPs on porous Si to produce SERS-active layer. To control the uniformity and
cleanliness of the SERS substrate, sputtering technique was used to coat Au and AgNPs. The
absorption spectra of the Si/Ag substrates exhibited a strong surface plasmon resonance absorption
band of AgNPs at 425 nm. Using Si/Ag substrates to detect carbenzadim (CBZ) residue dispersed
in acetone has shown that Si/Ag substrates morphology greatly affected the Raman intensity of
carbendazim which opens up a promising and potential approach using SERS spectroscopy for
food, environment and especially pharmaceutical applications.
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1. Introduction

The using ordinary Raman spectroscopy for chemical compounds identification is restricted
because of very low sensitivity of the Raman signals. Surface-enhanced Raman scattering (SERS) is a
procedure which permits one to overcome this disadvantage. Starting from the observation of
Fleischmann et al. [1] about SERS in 1973 for pyridine adsorbed on roughen silver surface, SERS has
grown decisively, turning into an analytical tool to distinguish molecule adsorbed on metal
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nanostructures. By enhancing Raman signals of the analysis, SERS has opened up the chance of using
Raman technique for trace chemical analysis and biomedical applications. Until now, there are two
mechanisms contributing to the improvement impact of SERS. One is electromagnetic enhancement
mechanism [2], the other is the chemical enhancement mechanism [3]. This intensification of SERS
significantly relies upon surface morphology of SERS substrate [4], various kinds of surface
morphology for SERS substrate have been reported [5], such as nanorods [6], nanowires [7],
nanopillars [8], etc. In recent works, porous substrates as porous-Si [9-11], were employed for SERS
applications in attempting to utilize their large surface areas and unique structures. These results
indicate that porous-Si nanostructures could serve as SERS substrates with a very high sensitivity of
the devices, and a good reproducibility in fabrication. SERS substrates based on porous-Si
nanostructures were usually fabricated by a 3-step process: at Step 1, metal particles were deposited
onto a silicon wafer (Si wafer); Step 2, Si wafer was dipped in a mixed solution of H.0, and HF to
create porous silicon structure, and Step 3, the porous-Si structure was again coated with the metal
particles. Where, metal particles at step 1 and step 3 are usually synthesized by wet deposition
procedure with AgNQ; solution so it takes a long time to clean.

In this work, we report a quick and simple approach for fabrication of SERS substrates base on Ag
NPs and porous Si nanostructures (referred to as Si/Ag substrate). To control the uniformity and
cleanliness of the SERS substrate, sputtering technique was used to coat Au and Ag NPs. Absorption
spectra of the Si/Ag substrates exhibited the surface plasmon resonance absorption band of Ag NPs
centered at 425 nm. These Si/Ag substrates were used as SERS substrates to detect CBZ residue
dispersed in acetone. This work showed the successfull detection of CBZ in acetone with
concentrations as low as 1 ppm.

2. Experiment

First of all, sputtering technique was used to deposit an ultrathin layer of gold on Si substrates. The
sputtering rate was about 12.5 nm/min. The total sputtering time was 20s to obtain the ~ 4.5 nm —
thick gold layer. The substrate was then annealed at 300 °C in 60 min, so that the gold ultrathin film
was shrank into droplets on the surface.

The next step was a wet etching to make Si substrate porous. The gold deposited Si wafer was
embedded in a mixture of HF and H,O; solution for 60 min. The silicon, on area without gold droplets,
was moved away leaving the voids on it. The last step was to coat AgNPs on the porous-Si substrate
by sputtering. By varying sputtering time one can get SERS substrates with different AgNPs layer
thickness (see Figure 1).

Sputtering Au on Etching in HF +H202 Sputtering Ag to create
Si substrate to create porous Si SERS substrate

Figure 1. Si/Ag substrates fabrication schema.
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The surface morphology of the samples was observed by using a field-emission scanning electron
microscope (FESEM) “Nova NANOSEM 450, FEI”. Crystalline structure of samples was analyzed by
X-ray diffraction (XRD) using an X-ray diffractometer “SIEMENS D5005”, Bruker, Germany with a
scanning step of 0.03° in 26 diffraction angle ranging from 10 to 70°, and with Cu-Kal (A = 0.154056
nm) irradiation. Absorption spectra measurements were carried out on a VARIAN UV-VIS-NIR
“Cary 5000” spectrophotometer. Raman measurements were carried out by using a LabRam “HR800”,
Raman spectrometer, Horiba with 632.8 nm excitation.

3. Results and Discussions
3.1. Morphology of Si/Ag Substrates

Figure 2 illustrates the morphological evolution of porous-Si and Si/Ag substrate. The results show
that the pores were filled to a certain degree as the thickness of AgNPS layer on porous-Si went 5 nm
up to 40 nm. Surface of Si/Ag substrate is still rough when the thickness of AgNPs layer lies in a
range of 5 nm and 10 nm as in Figure 2 (Si/Ag5 and Si/Ag10). Increasing the thickness of AgNPs
layer from 20 nm to 40 nm led to the disappearance of nanoporous pores on the surfaces of Si/Ag
substrate. One can see that the surfaces of Si/Agl5, Si/Ag20 and Si/Ag40 are relatively smooth,
indicating a full coverage of Ag on porous-Si.
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Figure 2. SEM images of porous Si and Si/Ag substrate when thickness
of Ag NPS layer on porous Si went 5 nm up to 40 nm.

3.2. Structure and Absorption Spectra of Porous Si and Si/Ag Substrates

The XRD patterns of porous-Si and Si/Ag substrates are presented in Figure 3. Since Au and Ag
have the same face-centered cubic (FCC) structure with almost quite similar lattice constant, it is
difficult to separate their XRD peaks. However, we can see that, when the Ag NPs layer thickness
increases, the diffraction peak of the samples increases greatly, indicating that the contribution of
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AgNPs on the intensities of the peaks at 20 values of 38.2°, 44.4°, and 64.6° corresponding to the
diffraction planes (111), (200) and (220), respectively. The lattice constant of the FCC structure
determined from the XRD pattern is of a = 4.082 A. This is in a good agreement with the value (4.079
A) of the standard diffraction pattern of Ag structure (CAS: 7440-57-5).

120

(111) a: Porous Si
b: Si/Ag5
100 4 ¢ Si/Agd0
-
= 80 -
=
Z 60
w
=
x
= 40
=
20
0 T T T - T -
30 40 50 60 70

2 Theta (°)

Figure 3. The XRD pattern of porous Si and Si/Ag substrate.

The average sizes of the AgNPs were estimated by Debye-Scherrer’s formula [12]:
D= 0.91
" Bcosb

where g is the full width at half maximum (FWHM) in radians of the diffraction peaks, 6 is the
Bragg’s diffraction angle and A = 0.154056 nm. The obtained calculation gave the values of the
AgNPs sizes equal to 5-7 nm. Absorption spectra of porous-Si substrate and Si/Ag substrate with
AgNPs layer thickness on porous-Si of 5 nm to 40 nm obtained from the diffuse reflection data by
using the Kubelka-Munk (K-M) function F(R) are shown in Figure 4. The results show that AgNs
layers of 5 nm, 20 and 40 nm coated porous Si substrates share similar absorption peak at 425 nm
while the SERS substrate without Ag coating does not appear. The strong absorption peaks in a good
agreement with surface plasmon resonance of Ag nanoparticles.
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Figure 4. Absorption spectra of porous Si and Si/Ag substrate.
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3.3. Si/Ag Substrates Application to Detect CBZ

The SERS spectra of CBZ (1 ppm) adsorbed on Si/Ag substrates with the thickness of AgNPs
layer on porous-Si of 5, 10, 20 and 40 nm are shown in Figure 5. From these spectra one can see that
Si/Ag substrates with the thickness of 20 nm and 40 nm (lines ¢ and d) exhibit no or weak Raman
peaks. Whereas, Si/Ag substrates with the layer thickness of 5 nm and 10 nm (lines a, and b) exhibit
seven strong scattering peaks, at 628 cm (C-C bending and ring stretching); 726 cm™ (C-H wagging);
1,006 cm? (C-C stretch, C-N bending and C-O-CHj; stretching); 1,222 cm? (N-H bending, C-H
bending and C-C stretch), 1272 cm™ (N-H bending and C-H bending), 1462 cm™ (N-H bending and C-
H bending) and 1,523 cm™ (N-H bending and C-N stretch). This is in a good agreement with the
results reported in [13].
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Figure 5. Raman spectrum of CBZ adsorbed on Si/Ag substrates.

According to the work of McFarland et al., [3], a Raman peak is enhanced most strongly if its
wavelength satisfies equation (Aex + Avib)/2 = Aisps. In our work Aex was of 632.8 nm (He-Ne laser),
Aisps Was of 425 nm which result in the most appropriate value of A, for the enhancement of our
SERS substrates to be of 327 nm. This value is far from CBZ Raman peaks region from 658.5 nm to
706.2 nm (data not shown), so one can conclude that the enhancement did not come from single
AgNPs LSPR. The enhancement of the SERS signals can be explained by the electromagnetic
mechanism. The theoretical calculations showed that the local electromagnetic field in the nano-gap
region between Au or Ag nanoparticle dimers (called hot spots) is very intense due to strong
electromagnetic coupling. The SERS enhancement factors in the inter-particle nano-gaps can reach up
to 105-10% and depend strongly on the gap size [14-16]. In our case, both the XRD, SEM and
absorption spectra indicated the presence of AgNPs on porous-Si. This suggested us about the
existence of points considered as “hot spots” on our SERS substrates. Those are the nano-gaps
between closely spaced interacting AgNPs where the electromagnetic field is greatly enhanced. This
assumption is reinforced by comparing SEM images of AgNPs-coated porous-Si substrates (Figure 2).
It can be seen that smooth surfaces provided less “hot spots” (or nano-gaps) than the rough surfaces
did, the CBZ molecules may be filled in the nano-gaps between the Ag nanoparticles, leading to very
high SERS enhancement factors, high measurement sensitivity and low limit of detection for CBZ.

Table 1 lists CBZ maximum residue level (CBZ MRL) for some foods recommended by Vietnam
Ministry of Health. These maximum level values for CBZ are in the range from 5.0 to 20.0 ppm, they
lie completely within the abovementioned limited. Thus, it is possible to develop the SERS
measurement on Si/Ag substrates to quickly check the CBZ content on some foods, consequenty to
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contribute to the protection of public health. However, the application problem need to be better study
in further works.

Table 1. CBZ MRL for some foods recommended by Vietnam Ministry of Health

Foods Maximum residue level [ppm]
Lettuce, mango, pineapple 5.0
Cherries 10
Rice 15
Peppers chili, dried 20

4. Conclusion

In this work the results of to the preparation of SERS substrates based on AgNPs and porous-Si
nanostructures were presented. The porous-silicon structure was fabricated by MACE method with a
innovation: the AuNPs and the AgNPs were coated on the substrates by sputtering, and the uniformity
and cleanliness of the SERS substrate was better controlled. The influence of technological conditions
on both the surface morphology of the substrates in all fabrication processes and the characteristics of
Si/Ag substrate has been investigated in detail. The Si/Ag substrates exhibited a surface plasmon
absorption band of AgNPs centered at 425 nm. The Si/Ag substrates were used to detect CBZ by the
SERS technique, the results showed that Si/Ag substrates morphology greatly effected the Raman
intensity of CBZ. The SERS spectra of CBZ showed strong scattering peaks at 628 cm™; 1,006 cm™; 1,222
cm?; 1,265 cm?; 1,462 cm™ and 1,523 cm™. Using the prepared substrates for Raman analysis, the
detection limit for CBZ was found to be of 1 ppm. The obtained results suggest useful application of
the SERS spectroscopy in the fast determination of CBZ fungicide residue on food as well as in
environments, thus contributing to the protection of public health.
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