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Abstract. In this work, porous silicon photonic crystals (PSi PhCs) covered by silver nanopar-
ticles (AgNPs) were prepared as surface-enhanced Raman scattering (SERS) substrate to detect
methylene blue (MB) at low concentrations. The limit of MB detection in water by the SERS sub-
strate is evaluated to be 107'° mol/L. The SERS signal intensities of 446 cm™" and 1623 cm™!
peaks in SERS spectra of MB are fit in exponential functions of concentrations ranging from 10~
to 10710 mol/L. These results show that the AgNPs on PSi PhCs substrates could be applied in
environmental sensing.
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I. INTRODUCTION

Ultra-sensitive detection of trace amounts of chemicals has emerged due to the importance
of environmental protection, biological detection and medical diagnosis. The surface-enhanced
Raman scattering (SERS) is a powerful spectroscopic technique for ultrasensitive and selective
bio-chemical detection [1-5], due to its capability of providing “fingerprint” of information of
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molecular structures in low concentrations [6—8]. The enhancement mechanism of SERS has been
explained by the highly local enhanced electromagnetic field on the noble metal surface due to the
excitation of localized surface plasmon resonances and enhanced chemical interaction between the
adsorbate and noble metal nanoparticles [9-11]. The local electromagnetic enhancement is much
higher than the chemical enhancement [12—-14]. The SERS substrates with many hot-spots and
with uniform distribution of nanostructures on the surface have provided a large Raman enhance-
ment and high repetition of measurement. Among the noble metals such as gold, silver, palladium,
and platinum used normally in SERS substrates, the Ag nanostructure is considered to be one of
the most excellent candidates for SERS application due to its highly desired plasmonic properties,
low-cost and easy fabrication/synthesis.

Porous silicon photonic crystals (PSi PhCs) coated Ag nanoparticles (NPs) are shown to
be as substrates for the improvement of SERS [15-18]. The enhancement of SERS depends on
the localized surface plasmon resonance (LSPR) and the Raman polarizability. In PSi PhCs, in-
teraction time of the light and matter increases by the multilayer structure. PhCs are lattices of
thin films made of different dielectrics. Light is partially refracted, reflected, and transmitted at
each interface. The lattice spacing, and the layer refractive indexes define whether the interference
among reflected (or transmitted) beams is constructive (or destructive) at a specific wavelength
and in turn, this defines the spectral region of the photonic band gap (PBG) [19]. The surface field
distribution of photonic crystals is in a narrower region from the surface than that of single-layer
films. In detail, the reflectance spectrum from the multi-layered PSi has a sharper reflectance area.
When AgNPs are deposited on PSi PhCs, the enhanced electric field on the surface of PhCs is
stronger, which leads to the enhancement of Raman optical signal. SERS activity of the substrates
was tested using MB as the probe molecules. SERS on photonic crystal are much better than that
on the single-layer structure substrates [17].

Methylene blue (MB) is a toxic organic substance which has been widely used in industry
and pharmacy, which poses a threat to the environment and security due to its toxic properties.
Methylene blue (MB, C;cHsCIN3S) is a reference agent [20-26] to confirm the capacity of SERS
substrates at different concentrations. In this study, MB solution with different concentrations in
bi-distilled water is used to investigate and evaluate the SERS activity.

In this paper, we propose the fabrication method for making SERS probe with Ag NPs on
the PSi PhCs by using immersion plating process. The morphology of SERS substrates is char-
acterized by field emission scanning electron microscope (FE-SEM). These results showed that
growth and deposition of Ag nanostructures on the surface of PSi PhCs. The achieved SERS ac-
tivity was experimentally demonstrated with the detection of low concentration of MB in aqueous
solutions in the range from 10~* to 10719 M.

II. EXPERIMENT
II.1. Synthesis PSi PhCs substrates

PSi layers were produced by the electrochemical etching of p-type (100) silicon wafers
with resistivity of 2+4 mQ.cm in 13%-20% HF: ethanol solution. The electrochemical process
was carried out without illumination. The process was computer-controlled, so precise control
over current density and etching time was achieved, then it is resulting in a good control of the
refractive index and thickness over the individual layers forming the multilayer systems. S-PSi
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structures in this work were obtained with applied current density 50 mA/cm?. PSi PhCs were
formed by periodically varying the applied current density with two levels (J1 and J2) between 15
and 50 mA/cm?. The number of periods for multilayer structures is 12. The multilayer has been
rinsed in methanol and isopropanol after anodization and dried with nitrogen gas.

I1.2. Preparation of SERS substrates

The synthesis and deposition of AgNPs on the PSi samples carriers out by following steps:
The as-formed PSi samples that washed with deionized water and dried in air, were dipping into an
ethanol solution of AgNO3 with concentrations of 1 mM for immersion time as 1 minute at room
temperature to synthesize AgNPs/PSi hybrid structures. Silver ions are reduced by hydrogen-
silicon bonds in PSi.

I1.3. Materials characterization and SERS measurement

The structure and morphology PSi PhCs and Ag NPs/PSi PhCs were examined by using
FE-SEM, Hitachi S-4800, Japan. The reflectance spectra of PSi PhCs sample were performed on
a spectrometer (USB-4000, Ocean Optics) and a halogen light source (HL-2000 Ocean Optics).
Raman spectra were obtained by using Horiba Scientific LabRAM HR Evolution, with laser source
of 785 nm light for excitation radiation. For each spectrum, the low laser power of 1.5 mW was
used to avoid sample heating effects and the integration time was set as 10 s. The diameter of laser
spot on sample surface is about 1 yum.

III. RESULTS AND DISCUSSION
IV. Morphological features of PSi PhCs
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Fig. 1. SEM images of PSi PhCs substrate: top view (a) and side view (b) of PSi.

The surface and side view of prepared PSi PhCs are shown in Figs. 1a and 1b, respectively.
The pores in top view have the size of 20 nm which assist more Ag NPs to diffuse down into
the Si pores. The side view showed hierarchy of 12 cycles and its thickness was ~ 2.9 um. The
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PSi PhCs nanostructure is obtained by periodically stacking two layers of a high (ny) and low
(np) refractive-index material, which has a thickness of A/4, where A is the central wavelength
(A is wavelength for fabrication of sam-
ple). From experimental results we cal-
culated refractive indices of 2.1 and 1.75
for high- and low- refractive index lay-
ers, respectively. The influence of the
number of periods on the reflectance
spectrum has also been demonstrated in
our previous publication [27] and the
suitable number of periods is 12.

Figure 2 shows the SEM image
of Ag NPs on PSi PhCs obtained. In
general, Ag NPs with quasi- sphere

e R

shape were distributed rather uniformly IMENKL 5,00 4.8emm x200k SN - pryOny
over the surface. Their size ranges from
10 to 50 nm with an average size of 30 Fig. 2. SEM micrograph of silver layer
nm. deposited on PSi.
IV.1. Reflectance spectra 80

The reflectance spectrum of PSi 1
PhCs is presented in Fig. 3. The wave- i
length range of the bandgap at 625-800 — 604
nm and a sharp peak at ~ 785 nm were e
observed. It is expected to promote g 50
of high Raman scattering [28]. The é 40_'
reflectance spectrum of the PSi PhCs g |
consists of a strong peak corresponding 30
to the optical response of the photonic
crystal [29]. 20+
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IV.2. The SERS activity of the sub- Wavelength (nm)
strates

Figure 4 shows the SERS spectra Fig. 3. Reflectance spectrum of the PSi PhC.

of MB at different concentrations on Ag

NPs/PSi PhCs. An amount of 10 puL of

each sample was dripped onto a silicon template for a SERS measurement. MB had Raman
bands at ~ 446 cm~! and 1623 cm~! that are attributed to the C—S—C skeletal deformation mode
and C—C ring stretching, respectively. They are typical and most intense ones [21,30-35]. The
Raman spectra show a negligible weak signal at concentrations of 10~'! M and below. The Raman
peaks at 446 cm~! and 1623 cm™! in Fig. 4 were evaluated, their intensity of the designated
peak exponentially changes with the concentrations that are presented in Fig. 5. As shown in
Fig. 5, within the concentration varying from 1071 M to 10~*M, the SERS intensity of both
peaks changes exponentially according to the curve fitting equation y = exp(x+ 12.57) and y =
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exp(x + 11.52) for 446 cm~! and 1623 cm™!, respectively. The peak at 520 cm~! assigned to

silicon wafer [35].

Raman intensity (a. u.)

Fig. 4. SERS signals of MB with different concentration s rang eing from 107! to 10~*M
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Fig. 5. Calibration curve of SERS intensity at 446 and 1623 cm™!.
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In this experiment, following the method of Han [36], silicon with a Raman peak at 520
cm™ -, was used as an internal standard to eliminate instrumental variables [37]. The intensity ratio
of a strong peak at 446 cm™! (and 1623 cm~!) assigned to MB and a peak at 520 cm~! assigned to

—1
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silicon (1446/1520 and 11623/1520) was
measured. As shown in Fig. 6, the
increase of I446/1520 and 11623[[520
followed along with the increase of
the MB concentration added into the
SERS template. More important, the
ratio of Iy4e/ls5p¢ increase d stronger
than that of Ijg3/lIspg. From the
changes in intensities of the bands on
the SERS signal, we can deduce that
MB adopts a parallel fashion to the
silver colloid surface, and it tends to
make S-Ag at the surface. Conse-
quently, at higher MB concentration,
the band at 446 cm™! which is re-
lated to C-S-C skeletal deformation,
enhanced a lot. This analysis has
been rarely reported in other pub-
lished papers.

To determine the role of sili-
con nanostructures in the Raman en-
hancement, the Raman spectra MB
on Ag NPs/PSi PhCs and Ag NPs/s-
PSi were compared. After MB
molecules (1077 M concentration)
were adsorbed on these substrates,
Raman spectra were measured and
evaluated. All the Raman spectra
were recorded under the same mea-
suring conditions by an excitation
laser at the wavelength of 785 nm
and the power of 1.5 mW. As shown
in Fig. 7, the Raman spectra obtained
from those two samples are different.
The SERS signal from MB adsorbed
on Ag NPs/s-PSi was much smaller
than that on Ag NPs/PSi PhCs. With
Ag NPs/PSi PhCs, the Raman band
of MB molecules at 446 cm~! and
1623 cm~! are 4.2 and 6.1 times
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Fig. 6. SERS intensity ratio of 446 to 520

em™! (Luae/lspo) and 1623 to 520 cm™!
(I1623/1520) versus MB concentration.
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Fig. 7. The SERS spectra of MB molecules
(1007 M concentration) adsorbed on Ag
NPs/s-PSi and Ag NPs/PSi PhCs substrate.

stronger than that on Ag NPs/s-PSi, respectively. So, the role of PSi PhCs in the Raman enhance-
ment dominates clearly. For the PSi PhCs nanostructure, the internal reflections in multilayers can

enhance the Raman signals [38].
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The enhancement of SERS depends on the localized surface plasma resonance (LSPR) of
the obtained material and the enhancement of Raman polarizability that results from the increasing
interaction time of the light and matter of the multilayer structure. The electric field on the pho-
tonic crystal surface is stronger than that on the single-layer film. The surface field distribution of
photonic crystals is in a narrower region from the surface than that of single-layer films. Thus, Ag
nanoparticles are deposited on the two types of porous silicon samples, the enhanced electric field
on the surface of photonic crystals is conducive to achieving stronger the strong LSPR response,
which leads to the enhancement of Raman optical signal.

V. CONCLUSIONS

In summary, we have successfully growth and deposited Ag NPs on the PSi PhCs by a
facile technique. This SERS substrate can detect MB in distilled water with concentrations in
the range of 1071 M — 10~* M. Its limit of detection (LOD) is 10~'° M. The SERS activity
was sensitive to the different PSi morphology. The results indicated that the Raman signal on
Ag NPs/PSi PhCs was higher ~ 5 times than that on Ag NPs/s-PSi. Higher sensitive SERS in Ag
NPs/PSi PhCs is due to the light-wave modulation. Our result demonstrates that the nanostructures
of Si effect strongly on the enhancement of SERS. Therefore, Ag NPs/PSi PhCs substrate could
be a promising candidate for portative SERS equipment which can be used for rapid, real-time
detection of chemical compounds in the liquid environment in outdoor fields.
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