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1. Introduction

Porous silicon decorated with Au/TiO,
nanocomposites for efficient photoinduced
enhanced Raman spectroscopy

Sheng-Yang Huang,? Wei-Ning Gao,? Chia-Man Chou*2<¢
and Vincent K. S. Hsiao (2 *P

In this study, we investigated the potential of porous silicon (PSi) modified with Au/TiO, nanocomposites
(NCPs) as a substrate for photoinduced enhanced Raman spectroscopy (PIERS). One-step pulsed laser-
induced photolysis (PLIP) was used to embed Au/TiO, NCPs in the surface of PSi. Scanning electron
microscopy revealed that adding TiO, nanoparticles (NPs) during PLIP led to the formation of
predominantly spherical Au NPs with a diameter of approximately 20 nm. Furthermore, modifying the PSi
substrate with Au/TiO, NCPs considerably enhanced the Raman signal of rhodamine 6G (R6G) after 4 h
of ultraviolet (UV) irradiation. Real-time monitoring of the Raman signals of R6G at different
concentrations under UV irradiation revealed that the amplitude of the signals increased with the
irradiation time for R6G concentrations ranging from 10> M to 107> M. PSi substrates decorated with
Au/TiO, NCPs may be used to develop materials for PIERS applications.

Parkin et al. developed a photoinduced enhanced Raman

Surface-enhanced Raman spectroscopy (SERS) is a highly
sensitive surface sensing technique extensively used for
detecting biomarkers' and organic chemicals, such as pesti-
cides.> Studies have reported 10-fold to 100-fold signal
enhancement and the detection of individual molecules.® The
surface enhancement of Raman spectra was first observed in
the 1970s in the presence of rough metallic surfaces.* Although
the origin of SERS enhancement is unknown, it is partially
attributed to the generation of electromagnetic field resonance
near a molecule, referred to as surface plasmon or localized
surface plasmon resonance.’ In this phenomenon, the electron
clouds of nanoparticles (NPs) collectively oscillate under exci-
tation by incident light, resulting in nanoscale Raman signal
enhancement.® Therefore, most recent SERS-related studies
have focused on using metallic NPs. Raman surface
enhancement is also attributed to a chemical effect in which
a molecule binds to a metallic NP and the charge transfer (CT)
between the molecule and the NP is promoted.™
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spectroscopy (PIERS) technique.’” They used Ag and Au NPs in
combination with TiO, NPs to fabricate a metal NP/TiO,
nanocomposite (NCP) as a SERS substrate for detecting the
Raman spectra of target molecules. The main difference
between SERS and PIERS is that PIERS needs UV light irradi-
ating the SERS substrate. The Raman signal was notably
amplified when the substrate was exposed to UV light before
Raman analysis. PIERS relies only on UV irradiation, elimi-
nating the need for additional procedures and simplifying the
preparation of the substrate. With PIERS, Raman signals can be
amplified several tens of times, enabling superior performance
to that of SERS."™ Currently, PIERS can be performed using one
of three methods: exposing the SERS substrate to UV light and
subsequently adding the target molecules to the substrate for
Raman analysis; adding the target molecules to the substrate
and subsequently exposing it to UV light for analysis; or
simultaneously irradiating the measuring point in real time
with the laser and a UV light source placed near the laser source.

Several studies have demonstrated the advantages of PIERS
over SERS, including a wider detection range for small mole-
cules, such as explosives,*® pollutants,** peptide,' and traces of
organic dyes.'® PIERS can also detect small molecules with
small Raman scattering cross-sections."” The compatibility with
both visible and blue light is another advantage of PIERS over
SERS, which is limited to the deep UV range. Furthermore,
PIERS substrates are not limited to noble metal NP-decorated
semiconductor materials; transition metal oxides, transition
metal dichlorides, organic semiconductor heterostructures,
and NPs decorated with insulating substrates can also be used

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as PIERS substrates.” Despite the advantages of PIERS, several
challenges must be overcome. First, the preparation and
conditions of the PIERS substrate must be optimized for
consistency and simplicity. Second, light source characteristics,
such as wavelength, intensity, exposure time, and exposure
conditions, are critical to PIERS performance and should be
optimized. Lastly, the sensitivity and specificity of PIERS for
biological analysis should be explored and increased through
the improvement of substrate materials and control of experi-
mental conditions.

According to Parkin et al.,, Raman signals are enhanced in
PIERS because of the formation of oxygen vacancies in noble
metal and metal oxide interfaces. When a Au-TiO, NCP
substrate is irradiated with UV light, the O, and H,O molecules
adsorbed on the substrate react with the UV light, forming
oxygen vacancies on the TiO, surface.”” The charge on the Au
NP-decorated surface increases when the Au-TiO, substrate is
irradiated with a 633 nm Raman laser, resulting in PIERS
enhancement. However, the enhancement effect gradually
diminishes with the neutralization of the oxygen vacancies by
positively charged ions in the air. Once the oxygen vacancies
have been eliminated, the enhancement effect dissipates, but it
can be generated again through UV irradiation. Thus, the
formation of oxygen vacancies is a reasonable explanation for
photoinduced Raman enhancement. Some researchers have
proposed alternative methods for photoinduced enhancement
because generating oxygen vacancies through UV irradiation is
challenging with many semiconductor materials. Rice et al.
have suggested that photoinduced enhancement results from
charge separation and migration within semiconductors.'
When a sample is irradiated with UV light, free electrons are
excited and migrate from the valence band to the conduction
band and are then can be transferred to, for example, Ag NPs on
the semiconductor surface, further enhancing the Raman
scattering signal of analytes in contact with such NPs. Liu et al.
observed notable enhancement of Raman signals in heteroge-
neous Ag-TiO, nanowire arrays;'* the heterojunction effectively
separated electrons and holes, and UV light excited the elec-
trons in the valence bands of both rutile and anatase TiO,,
causing them to migrate to the conduction band. The anatase
TiO, accepted photoelectrons from rutile TiO,, considerably
increasing the electron density on the surface and further
enhancing scattering signals. The aforementioned studies
enhanced Raman signals through three mechanisms: a chem-
ical mechanism (CM) involving enhanced CT, CT between the
semiconductor and metal NPs, and an electromagnetic mech-
anism (EM) involving electron accumulation in or release by
NPs. The CM and EM enhance signals simultaneously, aided by
the CT between the semiconductor and metal NPs. Optical
parameters, such as absorption spectra, can be measured
before and after light exposure to test the enhancement effect.™

On the basis of the literature, a Au-TiO, NCP system was
selected as the PIERS material in the present study. Au-coated
glass is often used as a substrate for SERS owing to the nano-
scale pits and peaks on its surface that create “hot spots”;
however, this material is expensive. Therefore, we used porous
silicon (PSi)'®*?* as the substrate, which can provide “hot spots”
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and support the Au-TiO, NCPs. The Au-TiO, NCPs were fabri-
cated through one-step pulsed laser-induced photolysis
(PLIP).>* Scanning electron microscopy (SEM) revealed the Au
NPs grown on the surface of the PSi substrate to exhibit various
shapes, including circles, triangles, and hexagons, and sizes
ranging from tens to hundreds of nanometers when TiO, NPs
were not added to the precursor during PLIP. By contrast, the Au
NPs grown on the surface of the PSi substrate with the TiO, NPs
added to the precursor were predominantly spherical and much
smaller, with diameters of approximately 20 nm. We speculate
that the addition of TiO, NPs during PLIP fabrication affected
the surface energy of the PSi, resulting in smaller and
predominantly spherical Au NPs. These findings indicate that
PSi substrates modified with Au-TiO, NCPs can significantly
enhance the Raman signals of rhodamine 6G (R6G) dye exposed
to UV light irradiation for 4 h. Thus, we investigated the real-
time changes in the Raman signals of various concentrations
of R6G under UV irradiation. The experimental results indi-
cated that the R6G Raman signal intensity increases with the
duration of UV irradiation for R6G concentrations ranging from
107> M to 10> M. However, at 10~ ° M, UV irradiation could not
enhance the R6G Raman signal, indicating that our Au/TiO,
NCP-decorated PSi for use as a PIERS substrate should be
further improved. Nevertheless, the as-prepared material may
have applications in optoelectronic devices and provide insight
into the future development of Au/TiO, NCP-decorated PSi
materials.

2. Experimental
2.1 Fabrication of porous silicon (PSi)

PSi samples were prepared through the room-temperature wet
electrochemical etching of a p-type, B-doped, one-side-polished
Siwafer with a thickness of 525 & 25 pm and a resistivity of 1-10
Q cm, oriented in the (100) direction. 2 x 2 em?® p-type Si
samples were placed in lab-made Teflon cells, with a piece of Cu
foil serving as the back working electrode and a small O-ring
used to adhere the PSi samples to the cells (Fig. 1a). The area
exposed to the etching solution was approximately 0.8 cm?, and
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Fig. 1 (a) Schematic and image of PSi substrate fabrication through
electrochemical etching. (b) Images of precursor containing HAUCl,,
H,0,, and TiO, NPs before and after PLIP. (c) Schematic of PIERS using
a micro-Raman system and UV light source.
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a constant current density of 50 mA cm > was applied for
20 min. The etching solution was composed of hydrofluoric acid
(48-51% in water, Acros Organics), isopropyl alcohol (99.5%,
Shimakyu), and deionized (DI) water in a 1: 2 : 1 volume ratio. A
Pt disk (0.6 cm*) was immersed in the solution as a counter
electrode. No other chemical or thermal treatment was con-
ducted after etching. The cells and samples were then washed
with ethanol and dried under a stream of nitrogen.

2.2 Pulsed-laser induced photolysis (PLIP) method

PLIP was used to grow the Au NPs on the PSi.*® Auric acid
(HAuCl,) can be used as a precursor and photodecomposing
agent to obtain Au®". This ion is later reduced by the photon,
and Au NPs are generated under high-energy pulsed laser.
Because of the unique properties of ultra-short pulse duration
and ultra-high peak power intensity, the PLIP technique is
considered a clean and prompt technique to reduce metal ions
into NPs without using any other chemical reagent. Here, one
PSi substrate was placed inside a glass vial containing a solution
composed of 15 mL of 0.33 mM HAuCl, and 6 mL of 10 mM
H,0,, and another was placed in a vial containing a solution of
15 mL of 0.33 mM HAuCl,, 6 mL of 10 mM H,0,, and an
additional 0.001 mg of TiO, NPs (5 nm, iNNO) in 2 mL of DI
water. The mixed aqueous solutions were irradiated using
a Nd:YAG nanosecond pulsed laser operating at 532 nm and 47
m]J for 10 min. The images of the aqueous solution before and
after laser irradiation in Fig. 1b indicate a pronounced color
change from light yellow to light red. The color change resulted
from the formation of the Au NPs or Au-TiO, NCPs.

2.3 Photoinduced enhanced Raman spectroscopy (PIERS)
method

Raman measurement was performed using a micro-Raman
system consisting of a spectrometer with a 15 mW, 633 nm
He-Ne laser and a 40x objective lens, as shown in Fig. 1c. The
studied analyte, rhodamine 6G (Aldrich), was prepared in
ethanol and diluted in different concentration. The PIERS
sample was prepared by directly dropped the analyte onto the
PSi sample. The Raman signal was collected within 5 s. The in
situ Raman signals were measured by irradiating the substrate
with a 100 mW UV LED light at different time interval.

2.4 Materials characteristics

Surface morphology and elemental analysis of PSi were per-
formed by scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) method using a JEOL JSM-
7800 F field-emission scanning electron microscope (JEOL,
Tokyo, Japan). X-ray diffraction (XRD) patterns of Au-TiO,
decorated PSi was obtained in the 26 range of 0-90° on a high-
resolution X-ray diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany). The morphology and particle size of the Au NPs and
Au-TiO, NCPs were investigated through transmission electron
microscopy (TEM) using a JEM-2100 transmission electron
microscope (JEOL, Tokyo, Japan).
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3. Results and discussion

Previous study utilized a method wherein O, and H,O were
adsorbed on Au/TiO, and irradiated with UV light to form
oxygen vacancies after 4 h of UV preirradiation.'” In the present
study, the Au NPs and Au/TiO, NCPs were first grown on the
surface of the same PSi sample through PLIP. Then, a 10 °> M
rhodamine 6G (R6G) aqueous solution was dropped onto the
PSi sample surface. As in the previous method, after the solu-
tion evaporated, the two PSi samples (Au NP-coated and Au-
TiO, NCP-coated PSi) were irradiated with UV light for 4 h. The
resulting Raman spectra were compared and are shown in
Fig. 2. The R6G Raman spectrum of the PSi sample with TiO,
NPs added through PLIP exhibited notable enhancement after
exposure to UV irradiation for 4 h. By contrast, the R6G Raman
spectrum of the PSi sample without TiO, was not enhanced
after the same duration of UV irradiation. Thus, PIERS
substrates can be fabricated through the addition of TiO,
through PLIP to PSi fabricated through electrochemical etching.

To determine the effect of adding TiO, NPs to the precursor
through PLIP observe the nanomaterials and surface structures
of the PSi, SEM was performed on PSi obtained through PLIP
with precursors with and without additional TiO, NPs. Fig. 3a
shows the surface morphology of the PSi sample fabricated
through PLIP without additional TiO, in the precursor. NPs and
microparticles of different shapes were observed on the surface
of the PSi substrate, including circular NPs with sizes of
approximately 100 nm and triangular, hexagonal, and irregu-
larly shaped NPs with sizes of approximately 500 nm. We also
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Fig. 2 Raman spectra of R6G (10~> M) on PSi substrates fabricated (a)
with and (b) without TiO, NPs added to the precursor during PLIP. All
Raman spectra were obtained under the same conditions.
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Fig. 3 SEM images and EDS spectra indicating the surface morphol-
ogies and composition of PSi samples fabricated (a) without and (b)
with TiO, NPs in the HAuCl,/H,O, precursor used in PLIP. The inset in
(a) was a bare PSi substrate and the inset in (b) was the Au/TiO, NCP-
modified PSi of higher magnification.

performed SEM analysis on the bare Psi sample showing no NPs
(Fig. 3a inset). Energy-dispersive X-ray spectroscopy (EDS)
analysis revealed that these particles were Au NPs and Ti was
absent, confirming the addition of no TiO, NPs to the HAuCl,/
H,0, precursor during PLIP. However, when PLIP was con-
ducted with TiO, NPs added to the precursor, the size and shape
of the NPs on the surface of the PSi were considerably different.
The resulting particles were smaller (approximately 10 nm) and
relatively uniform in shape, as illustrated in Fig. 3b. The EDS
analysis also revealed the existed Ti elements. The transmission
electron microscopy (TEM) also confirmed the addition of TiO,
helps to fabricate Au NPs with sphere shapes, as shown in
Fig. S1.T To provide additional experimental proof of Au-TiO,
NCPs deposition on PSi, the X-ray diffraction (XRD) analysis was
performed on the Au-TiO, modified PSi, as shown in Fig. S2.7
The typical diffraction peaks at 27.3°, 36.1°, 40.5°, and 66.4°
corresponded to the (110), (101), (111), and (002) crystal faces,
respectively, of rutile TiO,.>” The other peaks at 38.3°, 44.6°,
64.7°, and 77.5° corresponded to the (111), (200), (220), and
(311) planes, respectively, of the face-centered cubic Au struc-
ture.”® Therefore, adding TiO, NPs to the HAuCl,/H,0,
precursor during PLIP may help the growth of homogeneous Au
NPs on the surface of PSi.

UV irradiation is crucial in enhancing the Raman signals of
PIERS substrates. Previous studies have demonstrated that
continuous UV irradiation for 4 h is necessary for signal
enhancement.*> However, this method is not suitable for most
analytes with clear Raman signals because of the long irradia-
tion duration, even though it may be suitable for analytes with
less clear Raman responses. Therefore, we utilized Au-TiO,-
decorated PSi for real-time UV irradiation and investigated its
potential as a PIERS platform for detecting the common analyte
R6G. The experimental results are depicted in Fig. 4a. The Au-
TiO,-decorated PSi substrate enhanced the R6G Raman signals
(610, 772, 1187, 1310, 1358, 1505, and 1646 cm ™ '), as compared

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectra of R6G (10> M) for PSi substrates exposed to
UV irradiation for different durations and fabricated (a) with and (b)
without TiO, NPs in the precursor used in the PLIP process. All Raman
spectra were obtained under the same conditions.

with those before UV irradiation. After exposure to UV irradia-
tion for 20 min, the characteristic peaks of R6G did not exhibit
further enhancement. However, after 40 min of irradiation, the
intensities of the R6G characteristic peaks had increased by
a factor of 2. When the Au-decorated PSi was used as the PIERS
substrate, the R6G Raman spectra were measured under the
same micro-Raman conditions, as shown in Fig. 4b. Although
the characteristic peaks of R6G were detectable, the Raman
signal intensity was only one-tenth of that obtained using
the Au-TiO,-decorated PSi substrate. These results indicate that
UV irradiation of the Au-modified PSi for 40 min cannot
strengthen the characteristic Raman signals of R6G (an analyte
with strong Raman signals) but that Au/TiO,-modified PSi
substrates fabricated through PLIP can enhance such signals
after only 40 min of UV irradiation for high analyte concentra-
tions (107> M).

Most studies on SERS have focused on the detection limit of
substrates. However, we tried to investigate the detection ability
of the fabricated Au-TiO,-decorated PSi as PIERS substrate
in situ under UV exposure. The results in Fig. 5 indicate that the
R6G Raman signal was significantly enhanced after UV irradi-
ation when the R6G concentration was 10~ * M. When the R6G
concentration was 10> M, the R6G Raman signal was enhanced
by a factor of 2 after 20 minutes of UV irradiation, but pro-
longing the UV exposure to 40 min did not significantly increase
the characteristic peak of the R6G Raman signal. However,
some R6G Raman peaks (at 667, 990, and 1573 cm™ ') that were
not initially visible without UV irradiation were enhanced.
When the R6G concentration was 10~ ° M, the R6G Raman
signals were undetectable even after 40 min of UV irradiation.
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Fig.5 Raman spectra of (a) 10~* M, (b) 107> M, and (c) 10~® M R6G on
Au-TiO, decorated PSi substrates exposed to UV irradiation for
different durations. All Raman spectra were obtained under the same
conditions.

Future studies should optimize PIERS detection by altering the
PLIP conditions, such as the concentrations of TiO, NPs and
HAuCl, solution, employed in the fabrication of Au-TiO,-
decorated PSi substrates.

4. Conclusions

This study demonstrated the potential of Au/TiO,-modified PSi
fabricated through PLIP for use as a PIERS substrate. Unlike
conventional-SERS substrates, such substrates utilize the large
enhancement effect of UV irradiation on the analyte and require
only short periods of irradiation for enhancement, particularly
with higher analyte concentrations. Moreover, Au/TiO,-modi-
fied PSi exhibits excellent stability and reproducibility for
PIERS, providing a reliable measurement platform. Thus, we
provide a new direction for PIERS advancement and a prom-
ising solution for Raman-based detection. In future research,
we plan to optimize the performance of Au/TiO,-modified PSi
substrates and extend their application to other chemical and
biological detection tasks.
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