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In this study, we developed a convenient and effective method for the fabrication of evanescent wave fiber
surface-enhanced Raman scattering (SERS) probes constructed with ordered silver nanocolumn arrays on
the curved surface of an exposed core. An exposed core optical fiber (ECF) is a type of fiber in which the
cladding is intentionally removed, providing direct access to the evanescent field of the core. Such fibers
enable obtaining high evanescent field power on the core side and rapid liquid infiltration and offer
a strong interaction of the evanescent wave with analytes and a long effective interaction path. Besides,
the silver nanocolumn array structure coated on the curved surface of the exposed core has a larger
specific surface area. Furthermore, the silver nanocolumn array structures enhance the local evanescent
field surrounding the ECF to excite the target molecules and have strong light capture for the incident
light, providing light-matter overlap and enhanced interaction to improve sensitivity. Such ECF SERS
probes can efficiently detect 4-aminothiophenol (4-ATP) and thiram in situ, and a low detection limit of
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Accepted 25th February 2025 107*° M for 4-ATP is achieved. This paper presents an easy and cost-effective technique for fabricating
a highly effective and good reproducible evanescent wave fiber SERS probe, taking advantage of the
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1. Introduction

Surface-enhanced Raman scattering (SERS) is an effective method
for highly sensitive, label-free detection of molecules.” It can
even detect a single molecule in the presence of noble metals by
enhancing the effective Raman scattering section.*® Compared
with normal SERS substrate platforms, SERS sensing platforms
that utilize optical fibers have many advantages, including flexi-
bility, compactness and ability for remote sensing.”* Compared
with traditional SERS substrate systems, SERS sensing platforms
that utilize optical fibers offer several benefits, including their
compact size, flexibility, and ability for remote detection.
Consequently, optical fiber sensors have attracted extensive
attention and have shown potential for applications in corrosive
and harsh environments. However, the use of traditional optical
fiber SERS-sensing platforms (flat-end probes) is limited by either
the active region or the quantity of SERS active particles present in
the region. By contrast, the evanescent wave fiber SERS probe is
achieved via interactions between the evanescent portion of the
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exhibits great potential for label-free sensing and detection of biomolecules.

guided light and the analyte. Because of its larger SERS active
area, this probe has been widely investigated for detecting
gaseous or liquid phases.'**

Various techniques can be used to fabricate evanescent wave
fiber SERS probes using an evanescent field interaction with an
analyte. For this purpose, it is common to etch the fiber to
generate a tapered optical fiber.'® Nevertheless, etched or tapered
fibers are prone to damage and are typically fragile. Thus, the
cladding of optical fibers is partially or entirely removed using
either side polishing, such as D-shaped,'>'”*® but the preparation
process for D-shaped optical fibers results in high loss and
difficulty in positioning. In addition, an exposed core optical fiber
(ECF) with the side of the core exposed to the external environ-
ment can be used. The ECF was a bare core optical fiber, and it
was etched optical fiber to expose the core. Such exposed core
fibers are applicable for real-time sensing owing to their rapid
immersion and thus a prompt response to the alteration of the
surrounding environment. High sensitivity can be achieved using
ECFs because of the combination of a strong evanescent field,
a long fiber interaction length and a fast response of the
surrounding environment. The fabrication of ECF has been
experimentally verified by employing femtosecond laser micro-
machining®® and a focused ion beam?*® to expose the core or direct
drawing.”* However, the fabrication techniques for these config-
urations are complicated and require expensive equipment and
a precise fabrication technology. This generally involves reducing
the core diameter while also allowing for easy interaction with
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a liquid analyte. Chemical etching is a simple method for
exposing the core to the external environment along the length of
the core and provides direct access to the evanescent field via the
exposed core. Some exposed-core fiber (ECF)-based sensors have
recently been designed while maintaining the fiber's robustness
and simple fabrication compared with other similar techniques,
such as the use of tapered fibers. Wu designed a fiber evanescent
wave sensor using a section of fiber where part of the cladding
was removed.” They utilized HF to etch the cladding around the
fiber core to obtain the sensing area, achieving the measurement
of methylene blue dye at a concentration of 10”7 mol L™ . They
etched the surface of the bare core to enhance the evanescent
wave interaction with the external environment. The sensitivity of
the sensor is limited; simultaneously, it is still possible to
improve fabrication processes.

Most recently, in our previous work, a three-dimensional (3D)
fiber SERS probe was constructed using metallic nanocolumn
arrays at the tip of the fiber.”® This has been proven to be an easy
and cost-effective method for fabricating large area ordered
nano-arrays but is limited to tip-based sensing. However, very few
reports in the literature have discussed the fabrication of large
area ordered nano-arrays on curved surfaces. It is difficult to
prepare noble metal nanoparticle structures with a large SERS
enhancement factor on tapered optical fiber surfaces, so the
SERS sensitivity of tapered probes is limited. Therefore, it is
crucial to urgently improve detection sensitivity. Based on the
above research background, we proposed a high evanescent
power and high sensitivity ECF SERS probe coated with silver
nanocolumn arrays on the curved surfaces of the exposed core.
The longer length of the ECF provides an interaction between the
sensing environment and the evanescent field and offers
a significantly large region for depositing SERS active materials,
which cannot be reached by end-tip fiber probes.>* Coating silver
nanocolumns on the curved surface of the exposed core
strengthens the trapping of the evanescent wave at this interface,
which leads to higher evanescent field strength, resulting in
enhanced light interaction with the probe molecule. Moreover,
such silver nanocolumn arrays running along the length of the
exposed core are beneficial to increasing “hot spots”, enhancing
the interaction of guided light (evanescent field) with the probe
molecule along the length of the exposed core. This contributes
to the flexible butt coupling of the probe molecules with an
enhanced evanescent field.

In this paper, we proposed an ECF SERS probe to detect 4-
aminothiophenol (4-ATP) in real time. Such fiber SERS probes
offer a powerful interaction of the evanescent field with analytes
and a prolonged path of interaction. A silver nanocolumn array
is deposited along the exposed core of the ECF utilizing the
reactive ion etching (RIE) method while allowing the light guide
to easily interact with external analytes. This provides a novel
approach for the design and development of fiber SERS probes.

2. Fabrication and experimental setup
2.1 Chemical and materials

4-Aminothiophenol (4-ATP) and thiram were purchased from
Sigma-Aldrich (Shanghai, China). Multimode silica fibers (105
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um/125 pm, 62.5 pm/125 pum) were purchased from Xinrui
Photonics Company (China) and Corning Company (China),
respectively. Milli-Q deionized water was wused in all
experiments.

2.2 Pretreatment of optical fiber

There are two major steps in the preparation of ECF SERS
probes: preparation of the ECFs and fabrication of silver
nanocolumn array structures on the curved surface of the ECFs.
In the experiment, two fibers are used. One is a multi-mode
optical fiber (MMF) with core and cladding diameters of 105
and 125 pm; the other is a standard single-mode optical fiber
(SMF) with core and cladding diameters of 62.5 and 125 pum,
respectively. Chemical etching of such fibers results in the full
exposure of the core or even thinning. To utilize the evanescent
waves in the fiber, a 1.4 cm length of cladding at one end of the
fiber is eliminated through chemical etching and employed as
the sensing area. The fiber utilized in the current experiment is
20 cm long. At one end of the fiber, a 1.4 cm outer plastic jacket
is initially removed. After the removal of the plastic jacket, the
fiber was delicately washed in distilled water, allowed to dry for
some time, and then dipped in 40% HF solution, in which HF
was used to strip away cladding from a 1.4 cm segment of fiber,
thereby exposing its core surface for use as the sensing area. The
depth of the HF etched can be precisely controlled by control-
ling the etching time. Therefore, various probes with different
core diameters were created by controlling the etching time.
Four different ECFs were fabricated with different core diame-
ters of 85.88 um, 57.06 pm, 36.55 pm, and 10.32 pm by etching
the fibers with HF for 10, 20, 30 and 40 minutes, respectively.
The length of forming a rough surface on the exposed fiber core
can be up to 1.4 cm. The cladding and jacket of the fiber are
removed from the sensing part, thus enabling the interaction
between the light within the fiber and the surrounding
medium. The ECFs can provide a curved and large surface for
the fabrication of silver nanocolumn array structures and the
interaction of light matter.

2.3 Fabrication of silver nanocolumn array structures on the
curved surface of an ECF

The colloidal nanosphere self-assembly combined with RIE
technology was employed to prepare the ECF SERS probes.
Before fabricating the silver nanocolumn on the curved surface
of the exposed core, the prepared fibers were washed several
times using distilled water and ethanol to remove excess HF
from the surface and then dried in an air oven at 60 °C. Then,
the fiber is fixed on a glass slide and cleaned with plasma
cleaning for three minutes to make the curved surface of the
exposed core hydrophilic. Subsequently, the self-assembly of
the PS spheres method was adopted to deposit the PS spheres
onto the curved surface of the exposed core. First, a layer of self-
assembled arranged monolayer PS sphere was transferred to the
surface of ultrapure water in the beaker. The ECF was clamped
with a lifting instrument and immersed horizontally in the
beaker. Then, it is lifted out of the PS sphere monolayer
membrane at a certain speed. In the contact part between the PS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A fabrication schematic for the ECF coated with silver nano-
column arrays.

sphere suspension solution and the exposed core of the ECF,
the PS sphere monolayer concentrates on the exposed core-
cured surface of the fiber through surface force. A monolayer
PS sphere membrane is formed onto the curved and rough
surface of the exposed core. When the solvent in a monolayer PS
sphere membrane volatilizes naturally, the adhesion of PS
spheres is strengthened, coating the exposed core surface with
a uniform self-assembled polystyrene sphere arrangement.
After that, silver nanocolumns were fabricated directly on
the exposed section of the ECF by applying the RIE method. RIE
was performed in plasma using SF with a flow rate of 80 sccm,
with a pressure set to 3.2 Pa and a power of 200 W. The PS
spheres coated with ECFs, with diameters of 500 nm and
1000 nm, were subjected to etching at different times, specifi-
cally 140 s and 220 s. This way achieves the uniform, stable and
large surface area nanocolumn array on the curved surface of
the exposed core. Finally, the nanocolumn array is coated with
a (20-40 nm) silver layer, which can be performed by applying
a magnetron sputtering instrument (Emitech k550x). The whole
experimental process of making silver nanocolumn array
structures on the curved surface of the exposed core is shown in
Fig. 1. The fiber is ready for characterization and experiment.

2.4 Characterizations

The surface morphology of silver nanocolumn array structures
on the curved surface of evanescent wave fiber SERS probes and
ECF was observed and analyzed by applying a field emission
scanning electron microscope (FESEM, Sigma 500).

2.5 SERS measurement

4-ATP ethanol solutions and thiram aqueous solutions with
various solution concentrations were used to analyze the
performance of the ECF SERS probes. The enhanced Raman
signals that are backscattered are collected and analyzed
simultaneously using a bifurcated fiber-optic module and
a portable Raman spectrometer. We adopt the dip-in optical
fiber method for detection. The SERS signals are recorded when
the Raman excitation power is 7 mW and the integration
duration is 2 s. The laser light used for excitation, with a wave-
length of 785 nm, is introduced into one end of the fiber core.
The Raman signal backscattered is gathered from the same end
where it was launched, as illustrated in Fig. 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematic for back scattered SERS measurements of the setup.

3. Results and discussion

3.1 Characterization of curved surface microstructures of an
ECF

In the HF etching process, the resulting fiber core diameter
gradually decreased with increased etching time. The fiber has
an outer diameter of 105 um and effective core diameters of
85.88 um, 57.06 pum, 36.55 um and 10.32 um, as shown in
Fig. 3(a)-(d).

Fig. 4(a) shows the FESEM panoramic image of the evanes-
cent wave fiber SERS probe. The uniform and highly ordered
nanocolumn adhered to almost the entire curved surface of the
exposed core. Fig. 4(b) shows an enlarged SEM image of the
evanescent wave fiber SERS probe; a large area of the nano-
column array structure can be observed. To further investigate
the morphology and microstructure of the nanocolumn, FESEM
analysis of the size of the nanocolumn (500 nm and 1000 nm)
was conducted at different magnifications, as depicted in
Fig. 4(c) and (d). As shown in the inset of Fig. 4(c), local
magnification revealed that the height and diameter of each
nanocolumn are about 500 nm and 445 nm, respectively, and
the gap of two adjacent nanocolumns is approximately 55 nm.
Thus, the period of the nanocolumn array structures can be
controlled by changing the diameters of the PS sphere and

Fig. 3 FESEM image of the ECF with different diameters and HF
etching times: (a) 10 min; (b) 20 min; (c) 30 min; (d) 40 min.

RSC Adv, 2025, 15, 7987-7994 | 7989
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Fig. 4 Evanescent wave fiber SERS probe FESEM image: (a) panoramic
view of the ECF coated with 500 nm polystyrene spheres; (b) high
magnification SEM image of the ECF coated with 500 nm polystyrene
spheres; (c) 500 nm silver nanocolumn arrays as a mask; (d) 1000 nm
silver nanocolumn as a mask.

adjusting the etching time. A detailed description of the process
of fabricating a nanocolumn array by reactive ion etching and
the formation mechanism was given in our previous work.*

3.2 Performance of SERS

3.2.1 Mechanism of ECF SERS probes. For the ECF probes,
the SERS interaction based on evanescent wave occurs.”® We
used optical fiber sensing technology and the principle of
evanescent wave detection to detect active molecules within the
detection range of evanescent waves in the solution, as shown in
Fig. 5(a). When the excitation laser transmits in an ECF, partial
energy leaks as an evanescent wave and excites the LSPR of
nanoparticles on the surface. If the active molecules are just
located in the SERS hotspot area provided by nanoparticles,
they generate light scattering after being excited with the
Raman signals enhanced greatly. The excited SERS signals are
coupled back to the core and propagate through total reflection
for spectral detection.

Owing to the relatively small intensity of the evanescent
wave, which is only limited to the surface of the side of the fiber
core, the scattering signal intensity of the active molecules
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Fig. 5 (a) Evanescent field in optical fibers. (b) SERS spectra of the
evanescent wave fiber SERS probe with 500 nm polystyrene spheres
deposited with 27 nm, 30 nm and 33 nm silver film thicknesses to
detect in 4-ATP solutions with a concentration of 107® M and optical
fiber background Raman spectrum.
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excited by the evanescent field is relatively small. On the one
hand, the power of the evanescent light can be enhanced simply
by reducing the core size. Moreover, when using the appropriate
core size of the ECF to enhance the generated Raman scattering,
the nanocolumn arrays were fabricated on the side of the fiber
core by applying the RIE method, and the position was where
the evanescent field was generated. Through the surface plas-
mon resonance between the evanescent field and the nano-
column arrays to generate an enhanced local field as the
excitation field, we can obtain the enhanced Raman scattering
signal of the sample. Owing to the size of the silver nanocolumn
arrays being much smaller than the attenuation depth of the
evanescent wave, the evanescent wave can easily penetrate the
silver nanocolumn arrays and reach the detected solution.
Simultaneously, this enhancement effect depends on the size of
the nanocolumn arrays and the properties of the surrounding
medium. Low concentration samples can be detected using the
ECF SERS probe with this technology, which also improves the
detection limit and sensitivity.

3.2.2 SERS activities for the ECF SERS probe. To investigate
the SERS performance of such an ECF SERS probe, measure-
ments were performed in the liquid phase. The SERS
measurements were conducted by immersing the exposed core
(sensing region) in the sample, and detection was performed on
the evanescent field generated on the surface of the exposed
fiber core. The ECF SERS probe was placed inside a container
containing the liquid analyte, staying in direct contact with the
liquid analyte. The 4-ATP molecule functions as the signal
emitter in our design; it is excited and emits SERS signals in the
evanescent field.

Besides, coating silver nanocolumn arrays on the curved
optical fiber surface of the ECF enhances the trapping of the
evanescent wave at this interface, leading to higher evanescent
field strength. Therefore, the size of the coating silver nano-
column also affects the evanescent field strength. The effects of
the size of the nanocolumn on the SERS intensity were
described in our previous research.” The lateral surface area of
the nanocolumn created with 500 nm PS spheres doubles that
of the one formed by 1000 nm PS spheres. Therefore, we
preferred 500 nm PS spheres in this experiment.

Then, we explored the influence of silver layer thickness on
the SERS intensity by adjusting the silver film thickness. Prior to
identifying the 4-ATP molecule, we captured the background
Raman spectrum produced by the optical fiber, as illustrated in
Fig. 5(b) (bottom curve). To track changes in Raman intensities,
in the subsequent SERS detection experiments, all SERS spec-
tral data were acquired by removing the background Raman
signal from the fiber. The measured Raman spectra of 10 ° M 4-
ATP are displayed in Fig. 5(b) for nanocolumns with different
silver layer thicknesses, ranging from 27 nm, 30 nm to 33 nm.
The SERS spectra were recorded after immersing the ECF SERS
probe in the sample for 10 min. Characteristic Raman peaks of
4-ATP can be detected at approximately 1079, 1187, 1180, 1347,
1495 and 1587 cm ', and this aligns with earlier findings
regarding the Raman peak wave number.>*** Considering the
peak strength, 30 nm is the optimized silver layer thickness for
the ECF SERS probe. Thus, when performing experiments, we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can adjust the silver layer thickness to the optimal value of
30 nm.

We investigated the effects of different factors on the ECF
SERS probe performance. Obviously, the SERS performance of
the probes is affected by the intensity of the evanescent wave
and the sensing length of the exposed core. First, we optimize
the core diameters of ECFs to attain strong SERS interactions.
To compare the sensitivity of probes with various core diame-
ters, ECF SERS probes with different core diameters (ranging
from 10.32 pm to 57.06 pm) were prepared at different HF
etching times and used to measure the SERS spectra of 10 ° M
4-ATP solution. As shown in Fig. 6(a), the core diameter of the
ECF directly affects the SERS performance of the ECF SERS
probe. The SERS intensity of the Raman peak of 1079 cm ™' was
extracted, as shown in Fig. 6(b). As the core diameter increases,
the SERS signal intensity of the probe shows a trend of first
increasing and then decreasing. For probes with a core diam-
eter of 36.55 pm, the SERS signal intensity reaches its
maximum. Smaller core fibers have been experimentally shown
to provide higher sensitivity. This is because the core of the ECF
functions as a micron-scaled waveguide, allowing a consider-
able amount of transmitted light to diffuse into the exposed
side of the core in the form of an evanescent field. As the
diameter of the ECF core is further minimized, there is an
increase in the evanescent field strength. However, the ECF core
diameter is not the thinner the better. A further decrease in ECF
core diameter can remarkably increase transmission loss of the
ECF*® and fabrication time of the HF etching process. The core
diameter was too small, such as the 10.32 um core, resulting in
a low coupling efficiency and, as a consequence, low sensitivity
(Fig. 6(a)). For this reason, the appropriate core diameter is
adjusted to maximize the power collected from the fiber core.
Therefore, the optimized core diameter of the ECF SERS probe
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Fig. 6 (a) SERS spectra of 107® M 4-ATP solutions measured using
evanescent wave fiber SERS probes fabricated with different core
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is 36.55 um to balance preparation time, transmission loss and
evanescent wave intensity. Thus, to improve the sensitivity
again, it is ideal to fabricate an ECF SERS probe with a core
diameter of 36.55 um.

Next, we explored the effect of the sensing lengths of the
exposed core of the ECF SERS probe on the SERS signal inten-
sities. The effect of sensing length was studied by processing the
sensing area of the fiber into different lengths. The sensitivity of
the ECF SERS probe increases with increasing exposed core
length. Experiments were performed for three different sensing
lengths (0.4 cm, 1 cm and 1.4 cm) (Fig. 6(c)). By monitoring the
variations in Raman intensities at the 1079 cm™*
evident from Fig. 6(d) that there is a rapid increase in intensity
with longer sensing lengths. The experimental results show that
SERS intensities have a close relationship with sensing length;
the longer sensing length achieved higher intensities. This can
be explained by the fact that the sample molecule was infiltrated
into the silver nanocolumn array and the space between them.
With the increase in sensing length, the surface silver nano-
column arrays increase, the surface area increases and the
interaction on the ECF increases, which can provide a large
amount of SERS “hot spots” and also enable the absorption of
more probe molecules.

In this study, a core length of 1.4 cm was employed. Fig. 7(a)
presents the SERS spectra of 4-ATP in concentrations ranging
from 1.0 x 107° to 1.0 x 10 '® M. The intensity of the 4-ATP's
peak diminishes as its concentration decreases, and this is due
to a reduction in the number of molecules present. The limit of
detection is achieved as 1.0 x 10 '° M. In addition, we
compared our probes with recently reported ones. It is obvious
that the LOD of our ECF SERS probe was lower than that of
reported tapered'>** and flat-end®'® optical fiber SERS probes by
at least an order of magnitude. The remarkable sensitivity of the
ECF SERS probe is attributed to the significantly improved light
matter interactions facilitated by the high evanescent field
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present in active sensing regions adjacent to the liquid-filled
core, as well as an enlarged area for SERS interaction due to
silver nanocolumn arrays on the curved surface of the ECF. This
low detection limit is attributed to a larger SERS interaction area
and the SERS interactions between the ECF and the silver
nanocolumn array structure. Moreover, the 4-ATP concentra-
tion is a linear kind of dependence on Raman intensity. Thus,
ECF SERS probes have important applications in in situ liquid-
phase detections.

Repeatability is an essential indicator of sensors, and it is of
great significance in detecting the repeatability of the sensor. To
evaluate the SERS performance of the ECF probes, five probes
were repeatedly fabricated under the same conditions as the
core length of 1.4 cm. The results for the reproducibility of the
SERS spectrum with 10~° mol L ™" 4-ATP measured with the five
ECF SERS probes are shown in Fig. 7(b). The SERS intensity of
the Raman peak at 1079 cm ' was extracted for each
measurement. The results are shown in Fig. 7(c). The relative
standard deviation (RSD) for the peak was 2.1%, proving that
the prepared probe has good repeatability. The experimental
results also indicate that the proposed sensor possesses
outstanding stability, as shown in Fig. S1.}

All the aforementioned results demonstrate that the ECF
SERS probe exhibits high sensitivity, linearity, rapid response,
and good repeatability. We may conclude that the ECF SERS
probe has great potential in numerous sensing applications for
remote measurements and has a great future.

Furthermore, the experiment utilized a single-mode silica
optical fiber featuring a core diameter of 62.5 pm and a cladding
diameter of 125 pm. We prepared different core diameters of
the ECF SERS probe (ranging from 10.32 um to 85.88 um)
through different HF etching times with this fiber. Fig. 7(d)
shows the SERS performance of ECF SERS probes with varying
core diameters. Such fiber features a large cladding diameter
(125 pm) paired with a small core (62.5 pum), which can be
reduced even more through HF etching to enhance sensitivity.
This approach allows for improved sensitivity without necessi-
tating the direct fabrication of an ECF with a smaller core
diameter. However, manipulating such thin fibers poses chal-
lenges owing to their potential impact on fiber strength.

3.3 FDTD simulation and theoretical calculations

The high sensitivity of the ECF SERS probe is primarily attrib-
uted to its elevated SERS EF for the silver nanocolumn array
structure on the curved surface of the exposed core. Fig. 8 shows
the simulated electric field intensity distribution using the
finite difference time domain (FDTD) method. For this simu-
lation, three silver nanocolumns with diameters of 500 nm and
spaced 50 nm apart were modeled to analyze both the electric
field distribution and the EF.

The wavelength used for excitation is 785 nm, and the
orientation of the incident light is along the exposed core.
Fig. 8(a) shows that the maximal local electric field enhance-
ment factor |Ej,/E,| is 32 for the interior of silver nanocolumns.
The EF was determined using the standard formula |Ejoc/Eo|®,
where Eloc represents the local maximum electric field and E,
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Fig. 8 Intensity distribution of the theoretical electric field: (a) inside
the silver nanocolumn array; (b) on the side of the silver nanocolumn
array.
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Fig. 9 (a) SERS spectra obtained using evanescent wave fiber SERS
probes for thiram aqueous solutions. (b) Linearity analysis of thiram
aqueous solutions with concentrations ranging from 1078 to 1076 M.

denotes the amplitude of the input source electric field (with E,
set to 1 in this case).?” The calculated EF value was found to be
1.05 x 10°. Therefore, the silver nanocolumn array structures
proved advantageous for heightening the Raman signal, align-
ing well with the experimental results.

3.4 Applications of evanescent wave fiber SERS probes

From the above analyses, we use the optical fiber probes to
verify in situ, rapid and highly sensitive SERS detection of
thiram. Lake water obtained from a local lake was used as
a solvent to prepare the thiram solutions. By dipping the SERS
probes into the thiram solutions, Fig. 9(a) shows the in situ
liquid phase SERS spectra. The main Raman peaks of thiram
were observed, and the sensitivity was 10~® M. Fig. 9(b) illus-
trates the relationship between the normalized SERS intensity
at 1380 cm™ ' and the logarithm of thiram concentration
ranging from 10~® M to 10~ ® M. The experimental results show
that the evanescent wave fiber SERS probe has high sensitivity
in detecting thiram and better linearity (R> = 0.9786) to thiram,
which suggests that it is satisfactory to apply the evanescent
wave fiber SERS probes for analyte quantitation. This shows
that the evanescent wave fiber SERS probes we fabricated have
important applications in monitoring water environments.

4. Conclusions

In conclusion, we demonstrated a highly sensitive ECF SERS
probe with a silver nanocolumn array. The ECF SERS probe is
prepared by first removing the cladding to expose the core and
then fabricating silver nanocolumns on the curved surface of
the exposed core. The optimized core diameter of the ECF SERS
probe is 36.55 pm by balance preparation time, transmission

© 2025 The Author(s). Published by the Royal Society of Chemistry
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loss and evanescent wave intensity. Such ECF SERS probes can
efficiently detect 4-ATP in situ, and a low detection limit of
107'° M is achieved. The main reason may originate from the
ECF, which can expose the evanescent field to the surrounding
silver nanocolumn array. The evanescent field of the ECF
boundary is enhanced by silver nanocolumn arrays, which are
useful for SERS signal excitation. The ECF SERS probes were
demonstrated to be highly sensitive, low cost, and easy to
manufacture. Another important aspect was that the experi-
mental results successfully demonstrated that the ECF SERS
probe has good selectivity, repeatability and rapid recovery
ability. Additionally, the numerical simulation results verify the
effectiveness of our proposed scheme. The ECF SERS probe is
further adopted to detect pesticide residues in river water, and
a detection limit of 10™° M for thiram is obtained. The ECF
SERS probe shows the excellent properties of high-sensitive,
real-time, remote-sensing, fast-response, and in situ detection
while possessing the advantages of simplicity, convenience, and
low-cost, suggesting large potential in accurate and precise
detection in the chemical and environmental safety fields.
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