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Abstract. Porous silicon photonic crystal (PSi PhC) decorated with silver nanoparticles
(AgNPs) is shown to provide a new substrate for the improvement of SERS. AgNPs are obtained
through immersion of PSi PhC samples in AgNO; solutions and successive thermal annealing.
The nanocomposite material generated by adding AgNPs inside the silicon nanoscale pores,
integrates the ability of metal surfaces to amplify Raman scattering signals and an enlarged
surface area. Besides, PhC structure formed by multilayer PSi increases interaction time of light
and matter of the multilayer structure. The experimental results show that the AgNPs-decorated
PSi PhC has the largest Raman intensity in comparison with other SERS substrates based on Si.
The enhancement of Raman signals also reduces the threshold of the detection down to below
10™° M. The analytical enhancement factor of AgNPs/PSi PhC SERS substrate for the detection
of Rhodamine B (RhB) reaches 10™. This proposed AgNPs/PSi PhC SERS substrate could serve
as a potential candidate for detecting RhB in foodstuffs at very low concentrations.
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1. INTRODUCTION

Rhodamine B (RhB), a bright pink synthetic fluorescent dye, widely used in many
industries such as cosmetic, textile, medical as well as paper production [1]. Due to its low cost,
high effectiveness and excellent stability of color, RhB is frequently used as the colorant in
various foods, including chili powder, chili oil, preserved plums, sausage and sweets [2].
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However, following a thorough safety evaluation, it is reported about its harmful effects on
human health such as irritation to the skin, eyes, gastrointestinal tract as well as respiratory tract,
and even causing carcinogenicity [3]. Therefore, it is an urgent need to develop a reliable and
cost-effective method to sensitively detect RhB. There are various analytical techniques for
detecting RhB, such as high performance liquid chromatography (HPLC) [4], spectrophotometry
[5], UV-Vis spectrometry [6], enzyme-linked immunosorbent assays (ELISA) [7]. However,
these methods generally suffer from needing complex pretreatment, a long preparation time and
expensive equipment, making them difficult to use for the in-situ analysis. In recent years, the
surface-enhanced Raman scattering (SERS) technique has gained great interest from researchers
in many fields like food, materials and medicine [8] because of its high sensitivity and molecular
specificity. SERS is an easy, simple and rapid method, which is capable of detecting and
identifying a small number of molecules, reaching even the ultimate limit of detection, single-
molecule detection [9].

It is well-known that the capacity of SERS is characterized by its ability to enlarge the
enhancement Raman signal [10] which depends on various factors, including the substrate, the
sensing mechanism and other environmental influences. One way to improve sensing
performance is to use nano-structure substrates which afford high specific surface area, good
adsorption properties. The sensitive substrates used in SERS sensors are porous structures [11]
and photonic crystal (PhC) [12, 13]. Among those, one type of porous substrates that have
attracted much interest because of its unique optical and physical characteristics for sensor
applications, is porous silicon (PSi)-based device. The most attractive feature of PSi for SERS
active substrates is its compatibility with the biomolecules, as devices based on PSi can be easily
composited with other materials after the multi-functional modification. The main reason for
choosing PSi nano-materials is that PSi is not only used as a mechanical support for the
formation of the nanostructured metal film, but also as a reducing agent. PSi deposited with
noble metals (Au, Ag, Pt...) has been reported to obtain excellent SERS performance [14].
However, most research focuses on the main SERS effect of single-layer PSi structures; on the
other hand, sensors based on the SERS effect of PSi PhCs have been rarely reported. The PhC
structure has strength in improving the Raman scattering efficiency of the analyte [15] owing to
its long light-matter interaction time [16] and the total internal reflection [13]. PSi PhCs can be
facilely prepared by anodic electrochemical etching, which is simple, cheap, controllable,
repeatable and compatible with modern silicon technology [17].

In this report, effective SERS substrates were fabricated by infiltrating AgNPs into the
porous network of PSi PhC structure using the immersion of PSi PhC samples in AgNO;
solutions and successive thermal annealing for qualitative identification and quantitative
determination of very low concentration of RhB. The prepared SERS substrate can provide high
analytical enhancement factor of detecting RhB (below 10™° M) up to 10" and can be used as an
efficient probe in detection of RhB in foodstuffs.

2. MATERIALS AND METHODS
2.1. Materials
Monocrystalline silicon wafers used in this work were single-side polished p-type, boron-
doped, with typical resistivity 0.002 - 0.004 Qcm, (100) orientations and 500 - 550 um

thickness, obtained from CrysTec GmbH, Germany. Hydrofluoric acid 48 wt% (HF, Merck
Millipore) was diluted with absolute ethanol (99.9 %, Merck Millipore) to make the electrolyte
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solutions in a volume ratio of 1:2. Silver nitrate (AgNO3, > 99.0 %) was dissolved in deionized
water to prepare solution of 0.1 M for synthesis of silver nanoparticles. Rhodamine B (RhB) was
purchased from Sigma-Aldrich and dissolved in deionized water to obtain the standard stock 107
M analyte solutions. Different concentrations (from 10° M to 102 M) were obtained by
successive dilution of stock solutions with water.

2.2. Methods

Porous silicon layers were fabricated by an electrochemical method in a process as
presented in our previous work [18]. The 50 mA/cm? current density was used for etching the
single-layer PSi sample and the low refractive index layers of PSi PhC. The same porosities of
these two structure samples ensure that the same number of probe molecules inside the PSi.
Current densities of 50 mA/cm? for 3 s and 15 mA/cm? for 6 s were applied alternately for the
fabrication of PSi PhC structure. The total etching time was 12 cycles. After etching, the
samples were washed with deionized water and dried under steam of nitrogen gas.

Step 1. Electrochemical Step 2. Dip in aqueous Step 3. Thermal Step 4. Immersion in
anodization AgNO; solution for 30 decomposition at 500°C RhB solution for 1h
min for 30 min

% o

‘ AgNP
+ RhB

Figure 1. Preparation process of AgNPs/PSi PhC substrate.

The fabrication of SERS substrates involves four steps, beginning with the anodization of
PSi PhC (step 1), as depicted in Figure 1. Next, the fresh PSi samples were immersed into
aqueous AgNO; solution for 30 min to completely wet the pores (Figure 1, step 2). After the dip
coating synthesis, the substrates were heated to 500 °C in an ambient pressure furnace in order to
thermally decompose AgNO; salt into Ag [19, 20]. This process permitted a total decomposition
of silver nitrate in metallic silver then Ag filled deeply the silicon pores. Silver-embedded
nanoporous silicon substrates used for SERS were immersed in RhB solution for 1 h. The
samples were naturally dried in the air.

The reflectance spectra of samples were characterized by a spectrometer (USB-4000,
Ocean Optics) and a halogen light source (HL-2000 Ocean Optics). Their structure and
morphology were examined by the field emission scanning electron microscope (FESEM,
Hitachi S-4800, Japan) and energy dispersive X-ray spectroscopy (EDX) integrated in the
FESEM system. Raman spectra were measured by a Raman microscope system (Horiba
Scientific LabRAM HR Evolution), equipped with laser of 532 nm wavelength emission for
excitation. Every Raman spectrum in this work presents the result of averaging the seven
measurements at different positions on the same sample.
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3. RESULTS AND DISCUSSION
3.1. Reflectance and SEM characteristics of PSi PhC sample

Figure 2a shows the SEM image of the surface of PSi PhC structure. Top-view observation
reveals that the PSi PhC has a uniform distribution of pores with a diameter of 15 to 55 nm,
estimated from the SEM image. The cross-section SEM image, as shown in Figure 2b, presents
the hierarchy of 12 cycles and that the thickness of PSi was around 1.2 um. The layers with high
and low porosities were formed by anodic electrochemical etching using large and small current
densities, respectively. Figure 2c depicts the reflectance spectrum of PSi PhC structure, the
center wavelength of the band-gap is at 680 nm which is suitable to the excitation wavelength of
laser. The arrangement of the band-gap of the PhC is longer than the excitation wavelength, i.e.,
532 nm and it is expected to achieve high Raman scattering because the intensity of Stokes
scattering (or anti-Stokes scattering) is proportional to the transmission coefficient [16].

(c)
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Figure 2. SEM images of PSi PhC: (a) top view of PSi PhC; (b) cross-section view of PSi PhC, and
(c) reflectance spectrum of PSi PhC structure.

3.2. Morphology of AgNPs/PSi PhCs

Figure 3. Scanning electron microscope (SEM) images of surface topographies of AgNPs decorated PSi
PhC with different concentrations of AgNO; solution of: (a) 102 M, (b) 10™ M, and (c) 1 M.

Figure 3 shows the SEM images of the AgNPs decorated PSi PhC obtained with different
soaking concentration of AgNOj; solution 10?M, 10" M and 1 M in the same duration of 30
minutes. As the concentration of AgNO; increases, the number of AgNPs increases and the gap
between the NPs reduces as shown in Figures 3(a, b). Besides, when the concentration of AgNO;
solution is more than 10™ M, many overlaps between AgNPs apprear to generate clusters or
islands of Ag on the surface of PSi as seen in Figure 3c.

Figure 4a presents the SEM cross-sectional images of the AgNPs which diffuse down into
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silicon pore depths inside PSi PhC structures. It can be observed that the AgNPs were evenly
distributed inside the nanopores. This even distribution results from using successive thermal
annealing method. Figure 4b shows the reflectance spectrum of PSi PhC structure before and
after infiltration of AgNPs with concentration of 10" M AgNO;. The infiltrated metal NPs not
only enhances the optical absorption of photonic and plasmonic devices [21, 22] but also breaks
Bragg condition of PhCs. As a result, this leads to disappear the photonic band-gap. The
existence of AgNPs deposited inside PSi PhC structures measured by the EDX is demonstrated
in Figure 4c. The appearance of the Si and O elements is obvious in EDX spectra because of the
Si substrate and the oxidation of Si [23, 24].

= (1) PSi PhC 4000,

( b ) ~—(2) AgNPs/PSi PhC 3500 - (c)

3000 - Si
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2000 -
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Figure 4. (a) SEM images of infiltrated AgNPs inside the nanopores of PSi PhC; (b) reflectance spectrum
of PSi PhC before and after infiltration of AgNPs, and (c) EDX analysis of AgNPs inside the nanopores of

PSi PhC.
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Figure 5. Raman spectra of RhB adsorbed on SERS substrates with PSi PhCs immersed in AgNO;
solution (0.01 M, 0.1 M and 1 M). Inset: Molecular structure of RhB.

Figure 5 illustrates comparative SERS intensities of RhB molecules (10® M) obtained on
AgNPs/PSi PhC surfaces, where PSi PhCs were immersed in AgNOs; solution (0.01 M, 0.1 M
and 1 M) in the same experimental conditions. It is observed that the largest intensity of the
Raman signal is achieved at concentration of 0.1 M. This is coincidental with the field
enhancement resulting from the size of AgNPs and the distance between particles in Figure 3(a,
b) [25]. For the 1 M AgNO; concentration, the Raman signal of RhB drops because the layer of
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AgNPs is too thick which hinders the elesctromagnetic interaction between Si and AgNPs as
reported in the literature [12]. In addition, at low concentration of AgNOj3, the distance between
AgNPs is quite large which cannot form strong field. Therefore, concentration of AgNO;
solution of 10 M was used so that the prepared SERS substrates possess the strongest LSPR
field. We have noticed the presence of the main vibrational modes of the RhB on the SERS
spectra. The Raman band located at 618 cm™ is assigned to the xanthene ring puckering mode
[26] and the other peaks in the region from 1000 to 1700 cm™ are related to C-C, C-H and C=C
[27]. The characteristic Raman peaks of RhB are marked in the spectra corresponding to
assignments of the bands listed in Table 1. The intensity of the peak at 1645 cm™ was chosen as
the parameter to characterize the SERS signal.

Table 1. Primary characteristic Raman peaks of RhB corresponding to their assignments [26, 27].

RhB Raman shift (cm™) Assignment
618 Xanthene ring puckering
1076 C—C bridge band stretching and aromatic C—H bending
1191 C-H in plane bending
1276 Aromatic C-C stretch
1358 Aromatic C-C stretch
1504 Aromatic C-H bending
1525 Aromatic C-H bending
1645 Aromatic C-C bending and C=C stretching
2500 S—tyr—— (a) =Raman intensity of RhB
1~ (2) AgNPs on PSi surface atthe peak 1645 cm
|3 AgNPs/Psi (5) 2000
2000 — (4) AgNPs on PSi PhCs surface /
1— (5) AgNPs/PSi PhCs
3 1500- @) g 1500
© s
2 / 3
2 1000 - 8 T
s E
£
500 - 500
0@ = : -y
600 800 1000 1200 1400 1600 1800 2000 2200 ¢

Raman shift (cm™)

SERS substrates

(b)

Figure 6. (a) The Raman spectra of RhB and (b) the Raman intensity at the peak 1645 cm™ adsorbed on

different SERS substrates.

In order to evaluate the behavior of AgNPs decorated inside the PSi PhC, the SERS
intensities of RhB molecules (10® M) were measured on different SERS substrates including
AgNPs on Si surface (curve 1), on PSi surface (curve 2), embedded into single-layer PSi pores
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(curve 3), on PSi PhC surface (curve 4) and embedded into PSi PhC pores (curve 5),
respectively, as shown in Figure 6a. The SERS intensities gradually increase from the SERS
substrate fabricated using AgNPs on Si surface to AgNPs embedded into PSi PhC pores. Figure
6b focuses on the Raman intensities of these SERS substrates at 1645 cm™ peak, which clearly
shows this observation. The SERS substrate fabricated from AgNPs embedded into PSi PhC
pores has largest intensity because of its unique structure. The Raman intensity is enhanced due
to the roughness of the PSi [28]. Besides, the light-matter interaction increases in PSi PhC
compared with the single PSi layer [29, 30]. Furthermore, the AgNP-embedded into PSi PhC
pores creates high surface-to-volume ratio, i.e., large surface area, which enhances the Raman
signal [31].

Figure 7a presents the SERS signals of RhB excited at 532 nm wavelength with varying
concentration from 10™*? to 10° M adsorbed on the AgNPs/PSi PhC substrates. It is shown that
SERS signal is attained at all RhB concentrations of the range from 10™ to 10° M and the basic
SERS signals of RhB molecules can still be identified at the extremely low concentration of 10
M. Therefore, it can be concluded that AgNPs/PSi PhC structures can be applied to detect
colorless RhB dye (below 107M) in food. A linear dependence between logarithmic
concentration of RhB and the peak heights at 1645 cm™ was observed for SERS substrates based
on AgNPs/PSi PhC (Figure 7b). In addition, the results show a good linearity with great
reliability (R* = 0.99) over a wide concentration range. To quantitatively estimate the Raman
activity of AgNPs/PSi PhC substrate, we calculate the analytical enhancement factor (AEF)
according to the formula [32]:

AEF — ISERS X CR

I R SERS

1)

where Isgrs and Ig correspond to the Raman intensities of RhB on the AgNPs/PSi PhC and PSi
PhC, respectively. Csers and Cr refer to the molar concentration of RhB on the AgNPs/PSi PhC
(10°M) and PSi PhC (1 M), respectively. The AEF of SERS was estimated to be 10" at the
Raman peak of 1645 cm™, relatively high in SERS application. Table 2 shows the comparison of
EF for detecting RhB of different SERS substrates. The AgNPs/PSi PhC SERS substrate
exhibits a high EF of RhB up to 10, which indicates a good SERS substrate for sensing
applications.

Table 2. Comparison of enhancement factor of different SERS substrates for detecting RhB.

SERS substrates EF
Filter paper decorated AgNPs 4x10[33]
AgNPs/rGO 2x10" [34]
Black Phosphorous flakes ~10° [35]
Silver nanowires 4.01x10° [36]
AgNPs/PSi PhC 10" [this work]

The stability and the reproducibility of the SERS substrate from AgNPs/PSi PhC were
investigated as follows. We prepared 6 samples under the same fabrication protocol. Then, one
sample was used to adsorb RhB 10®M directly and other samples were stored in the vacuum
desiccator to avoid light condition within 10, 20, 30, 40 and 60 days. These 6 tested samples
were treated under the same preparation condition to adsorb RhB at 10°M and the Raman
spectra were collected. Figure 8a depicts the Raman intensity of RhB in which the stable Raman
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signals were obtained, especially the intensity of the peak at 1645 cm™. Figure 8b illustrates the
reduction of the intensity at 1645 cm™ in concentration of 10° M RhB detected by AgNPs/PSi
PhC by different storage times. After 10 days of storing, the SERS substrate remained almost
unchanged which was proved by 99.8 % resembled that of the fresh one. The intensity
experienced a reduction to about 87 %, 64 %, 55 % and 34 % by storing in 20, 30, 40 and 60
days, respectively. However, the intensity of RhB was still higher than 50 % after keeping for 40
days. This month-scale life-time of our SERS substrates demonstrates the stable performance
and reproducibility this detection technique.
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Figure 7. (a) The Raman spectra of RhB solutions with different concentrations ranging from 10° M to
10"*? M and the background curve measured by normal Raman technique from 1 M concentration of RhB
and (b) corresponding linear fitting of Raman intensity at 1645 cm™ with logarithmic RhB concentration.
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Figure 8. (a) Raman spectra of RhB (10® M) adsorbed on AgNPs/PSi PhC, and (b) Raman intensity
decrease at the peak 1645 cm™ after storing in 0, 10, 20, 30, 40, 60 days.

4. CONCLUSIONS

In this work, AgNPs/PSi PhC SERS substrates were successfully fabricated by a simple,
low-cost and efficient method by combining the immersion of PSi PhC into AgNO; solution
with successive thermal annealing. Our proposed substrate can detect RhB at concentration
below 10" M. The fabricated SERS substrates produced a good dynamic linear range of six
orders of RhB levels (from 10° M to 10™** M) with stability and reproducibility. The obtained
results demonstrate the potential of using these substrates to detect the presence of RhB in food.
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