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This paper investigates an innovative surface-enhanced Raman scattering (SERS) sensor developed on a side-
polished multimode optical fiber core. The optical fiber was integrated into specifically designed 3-dimensional
printed mold, where manual polishing of the fiber took place. Microsphere Photolithography (MPL) techniques
was employed to pattern periodic nanoantenna arrays on the polished surface, incorporating multiple disk di-
ameters at a fixed periodicity. Subsequent gold deposition/lift-off were carried out to transfer the pattern from
the photoresist to the fiber core, resulting in highly periodic hexagonal closed pack (HCP) arrays of nanodisks.
These arrays can significantly enhance the SERS signal intensity compared to that of the fiber tip. The sensor's
performance was demonstrated using various concentrations of Rhodamine 6G (R6G) dye ranging from 107> to
10~° M as a function of disk diameter and sensing surface area. The resulting spectra revealed characteristic peak
positions that aligned well with the fingerprint Raman spectra of R6G. The results demonstrates that the

sensitivity is 1072 M for the sensor with an 800 nm disk diameter.

1. Introduction

Raman spectroscopy, especially Surface Enhanced Raman spectros-
copy (SERS), describes the interaction of light with the molecular
composition and structure of a material, resulting in altered photon
energy after scattering [1]. Molecules exhibit specific vibrational modes
that generate distinct Raman spectral patterns. Due to the unique energy
shifts of molecules, Raman spectroscopy enables qualitative and quan-
titative evaluation of chemical compositions. It serves as a powerful
analytical tool with high detection sensitivity, molecular specificity, and
the ability to probe solutions in the visible and near-infrared regions.
Raman spectroscopy offers a plethora of label free and non-invasive
diagnostic applications for molecular sensing including medical, envi-
ronmental pollutants, pathogen, and nucleic acid targets sensing [2-8].
However, Raman scattering is inherently weak due to the low concen-
trations of molecules in the analyte, limiting the signal intensity of
Raman spectra. To overcome this limitation and enhance the detection
of low concentrations of analytes, SERS surfaces have been employed.
These surfaces are intentionally roughened to amplify the Raman scat-
tering signal by several orders of magnitude [9]. Surface Enhanced
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Raman Spectroscopy (SERS) indeed relies on the interaction between
incident light and nanostructured metallic surfaces, typically composed
of noble metals like gold or silver. These metallic nanostructures exhibit
a phenomenon known as surface plasmon resonance (SPR), where free
electrons oscillate collectively upon excitation by incident light at spe-
cific wavelengths. This resonance generates intense localized electro-
magnetic fields near the metal surface, termed “hotspots,” where the
electromagnetic field intensity can be significantly enhanced. The
enhanced electromagnetic fields within these hotspots result in a drastic
increase in the Raman scattering cross-section of molecules adsorbed
onto or near the metallic nanostructures. This phenomenon allows for
the detection and characterization of analytes at extremely low con-
centrations, well below the detection limits achievable by conventional
Raman spectroscopy. Furthermore, the amplification of Raman signals
in SERS is not solely attributed to surface roughening but also critically
depends on the plasmonic properties of the metal nanostructures and the
resulting electric field enhancements. The combination of surface
morphology (roughness) and the plasmonic response of the metallic
nanostructures collectively contributes to the overall enhancement
factor observed in SERS measurements.
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Over the past decades, several fabrication techniques have emerged
to develop SERS sensors on flat substrates or fiber tips, aiming to achieve
higher Raman signal enhancement. This is typically accomplished by
roughening the sensing surface using methods such as chemical syn-
thesis [10-12], photolithography [13], nanoimprint lithography [14],
or nanosphere lithography [15-17]. For instance, chemical synthesis
involves the use of metal nanoparticles (NPs) like gold (Au) to roughen
the surface and amplify the signal by several orders of magnitude [18].
However, the random distribution of these NPs can result in uncon-
trollable hotspots, which eliminate the chances of maximizing Raman
signal [19]. Photolithography utilizing equipment like electron beam
lithography and focused ion beam can yield uniform and reproducible
patterns [20]. However, they are cost prohibitive for production sensors,
limiting their applications [21]. Nano-imprint lithography faces chal-
lenges, particularly in achieving precise alignment when patterning
nanoscale molds in confined areas like fiber tips [22] Additionally, this
method typically involves complex equipment, making it less cost-
effective compared to alternative methods. Polystyrene nanosphere
lithography is utilized as an alternative technique, where polystyrene
nanospheres serve as a template to create, e.g., nano-islands [17,23].
However, controlling the pattern size remains a challenge in this
approach. The Raman signal was enhanced using optical fibers of
various shapes and types, such as fiber tip [24], hollow photonic crystal
fiber (PCF) [25], and D-shaped fiber [26]. For example, hollow fiber
increases the sample volume that interacts with light and NPs such [27].
However, applying the sample into the air holes in the PCF is
challenging.

This manuscript discusses the development of a fiber-optic SERS
sensor, with arrays of nanoantenna fabricated on a side of the fiber core.
Highly ordered and periodic nanoantenna arrays were patterned using
MPL. The sensor performance was studied as a function of disk diameter
and sensing surface area using Rhodamine 6G (R6G) dye with concen-
trations ranging from 10°t0 107° M.
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2. Materials and methods
2.1. Biosensor design

To design the fibreoptics-based Surface Enhanced Raman Spectros-
copy (SERS) sensor, the nanoantenna (nano disks) arrays are patterned
on a side-polished multimode optical fiber core with dimensions of 105
pm x 1.7 mm and 105 pm x 7 mm. The schematic of the SERS sensor is
depicted in Fig. 1. Notably, this design significantly increases the sen-
sor's surface area when compared to SERS sensors patterned on the fiber
tip with a similar core diameter. The induced SERS signal from is
directly proportional to the increased fiber length, that is sensing surface
area, surpassing the signal strength achievable from the fiber tip.
Consequently, the sensor achieves higher sensitivity, leading to a very
low limit of detection (LOD).

The size of nanodisks and the spacing between them critically in-
fluence their Localized Surface Plasmon Resonance (LSPR) properties.
Our current design is limited to nanodisks with diameters ranging from
502 nm to 800 nm and a fixed periodicity of 1 pm. This is aimed at
maximizing the enhancement factor through empirical optimization.
However, we acknowledge the importance of aligning the LSPR wave-
length more closely with the excitation wavelength of 532 nm to achieve
optimal SERS enhancement. The spacing between the nanodisks is
limited by the size of the microsphere used during exposure, which is
fixed to 1 pm, and the disk diameter. The larger the disk diameter the
smaller the spacing between the disks. Further reduction of the sphere
size can reduce the spacing but switching to a smaller microsphere
require further optimization of the photolithography steps, sphere
preparation, and self-assembly processes. Therefore, considering the
trade-off, we used 1 pm microsphere which also produced a periodicity
of 1 pm.

This innovation opens avenues for a wide array of practical appli-
cations in chemical, biological, and gas sensing. In this design, an optical
fiber was integrated into a 3-dimensional (3D) printed plastic mold,
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Fig. 1. (a) 3D view of the SERS sensor. The side-polished fiber fixed is inserted into the 3D printed plastic mold, (b) sideview of the nanoantenna arrays patterned on
the side-polished multimode optical fiber, (c) printed 3D mold with the fiber inserted, (d) Experimental setup, (e) printed 3D mold with the sensor under testing.
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facilitating polishing the fiber's cladding and a section of the core using
alumina polishing sheets with a grain size of 0.5 mm. Operating on the
principle of excitation with laser light at a wavelength of 532 nm (Laser-
532-LAB-FC, Ocean Optics) and emission through a single fiber, the
SERS sensor was designed to enhance sensitivity. To optimize the
interaction with nanoantenna arrays and the analyte, the fiber was tilted
at 15° to increase the reflected light after scattering. The collected
scattered light was directed to a Raman spectrometer (Enhanced QEPRO
Raman, Ocean Optics) to produce SERS spectra. Nano disk arrays (that is
nanoantenna arrays), composed of thin gold film, were patterned on the
side-polished multimode optical fiber to roughen the surface area and
amplify the SERS effects, enabling the acquisition of analyte spectra
with high intensity even at low concentrations. The disk diameters were
ranged from 502 nm to 800 nm, with a fixed periodicity of 1 pm.

Microsphere photolithography (MPL) was employed to create
nanodisk arrays patterned on the side of the fiber. The sensor along with
its cross-sectional side views are shown in Fig. 1.

To expose the cladding for the polishing process, the fiber's jacket in
the middle portion (1.7 and 7.0 mm) was removed. A printing tech-
nology was employed to create the 3D plastic mold, facilitating the
fixation of the fiber through the ports and aiding in the polishing pro-
cess. The mold features a grooved trench measuring 1.7 and 7 mm in
length at the top surface. This trench securely holds and exposes the
fiber during the polishing process. Prior to inserting the fiber through
the ports and securing it inside the trench, both the trench and the ports
were filled with glue.

The SERS spectra, acquired from the reflected light after interacting
with the analyte at the nanoantenna array's surface, serve to identify the
molecular composition of the sample. These molecules possess specific
vibrational modes that produce distinctive Raman spectral patterns.
R6G, for instance, exhibits a vibrational fingerprint or SERS effect
attributed to the scattering of light by the molecular vibrations of R6G.
Subsequently, the detected R6G spectrum was compared with a refer-
ence R6G spectra, facilitating its identification and detection.

2.2. Fabrication

The SERS sensors were fabricated using microsphere photo-
lithoraphy (MPL), creating periodic arryas of nanoantenna arrays on a
side-polished multimode fiber with core. The diameter of the core and
cladding diameters are 105 pm and 125 pm, respectively, and a length of
approximately 10 cm. The fabrication process involved stripping the
fiber's jacket in the middle portion with a length of 1.7 and 7 mm to
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expose the cladding for polishing. A plastic mold, created using 3D
printing technology, with dimensions of 10 mm x 8 mm x 5 mm and
grooved trenches of 1.7 mm and 7 mm in lengths, was used to hold the
fiber firmly and aid the polishing process. The trench and ports were
filled with glue, and the assembly was cured on a hotplate at 100 °C for
10 min. Afterward, the fiber, along with the mold, was manually pol-
ished using special fiber polishing papers with 5 pm and 1 pm gratings to
ensure a smooth surface. Subsequently, Shipley 1805 photoresist was
spun.

on the polished surface with a thickness of 400 nm, as shown in Fig. 2
(a), followed by the MPL process. A dry silica sphere of 1 pm diameter
was mixed with butanol at a specific ratio. Using a pipette, a small drop
of 4 puL of the mixture was dispensed onto the surface of a water-filled
beaker confined by a rubber ring. The O-ring used for confining the
monolayer colloidal crystal has a diameter of 2 in.. The ring needs to be
big enough to cover the fiber assembly underneath the device. This size
was chosen to provide a suitable confinement area while allowing for
the formation of a stable monolayer colloidal crystal.

on the substrate. The silica microspheres with a diameter of p =1 pm
and a coefficient of variance of less than 3 % are dispersed in butanol to a
concentration of 1 mg/mL with 5 mg of surfactant (Sodium lauryl sul-
fate). This concentration was selected based on previous studies to
achieve a monolayer colloidal crystal formation with uniform packing
density and particle arrangement. The ratio of silica microspheres to
butanol was optimized to ensure proper suspension stability and
controlled deposition during the experimental setup. Spheres will not
form monolayer when the ratio is too high while spheres cannot form
any layer when the ratio is too low. The capillary forces between the
spheres, facilitated rapid self-assembly to form a close-packed lattice on
the water surface. Subsequently, the water was slowly drained from the
beaker, and eventually, the water surface came into contact with the
submerged fiber and mold; thus, the microsphere layer was transferred
to the polished fiber surface, as shown in Fig. 2(b). After successfully
transferring the sphere layer, the fiber/mold was moved under a colli-
mated UV illumination source (A = 365 nm; 12 mW/cm? for intensity)
and flood exposed for 1.5 s. Following exposure, the fiber/mold was
submerged into a developer (MF 319) for 60 s and then washed with DI
water. The sphere layer was removed during the development and
washing step, as.

shown in Fig. 2(c). The patterned fiber/mold was subsequently
placed inside an RF sputtering system for deposition of chromium (Cr)
and gold (Au) with thicknesses of 5 nm and 60 nm, respectively, fol-
lowed by a lift-off process, The lift-off process involves first patterning
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Fig. 2. Fabrication processing steps of the nanodisk arrays: (a) after fixing the fiber inside a 3D printed mold and polishing the fiber core from the side, (b) after spin
coating the photoresist on a side-polished multimode optical fiber core, (c) after self-assembling the microspheres on the polished fiber surface, (d) after exposing the
photoresist with UV light and creating nanoholes in the photoresist, the microsphere are removed during development, (c) after gold deposition, (f) after the gold
layer was lifted off to create the nanodisk arrays. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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the photoresist with nano holes on a side polished multimode optical
fiber. This is followed by the deposition of gold (Au) layer with a
thickness of 60 nm. The 60 nm thick Au layer adheres weakly to the
photoresist layer. To break the sidewall of the Au layer, the device was
placed inside acetone and the sonicator was turned on. This process
broke the gold layer on the side edge and allowed acetone to dissolve the
photoresist underneath the gold layer. Therefore, this allowed the gold
to lift off in areas where the photoresist had been dissolved. This se-
lective removal process is critical because it leaves behind the desired
patterned structures—gold nanoantennas—on the polished fiber sur-
face. In order to successfully lift of the metal, the photoresist needs to be
3 times thicker than the metal layer. Our resist thickness is 400 nm
which is approximately 6 times thicker than the metal. Eventually, Au
nanodisks with a diameter of 700 nm and a height of 60 nm were created
on the surface of the fiber/mold, as depicted in Fig. 2(d). The diameter of
the nanodisk pattern can be controlled by the amount of UV illumina-
tion, allowing for the creation of disks with various diameters. Scanning
Electron Micrographs (SEMs) for the nanodisk pattern are shown in
Fig. 3.

2.3. Experimental Setup

To validate the sensing capability of the SERS sensor, a Raman
instrumental setup with a backscattered configuration was employed to
measure the SERS signal, as shown in Fig. 1(c). The side-polished sensor
was connected to a standard 1 x 2 coupler, allowing a 532 nm green
laser to pass through. The light traveling within the fiber remained
tightly confined in the core region until reaching the polished area
where it interacts with the analytes and the nanoantenna arrays, thereby
generating the scattered Raman signal. The Raman signal produced from
the side-polished area was collected through the other end of the optical
coupler, filtered through a notch filter, and directed into the QE Pro
spectrometer. Raman signals were acquired using the OceanView soft-
ware with a 500 ms integration time and 20-time averaging for each
measurement. The Raman spectrum of R6G, a well-studied compound in
the literature, served as a reference for subsequent data processing and
analysis. For experimental purposes, five different concentrations of
R6G ranging from 10~° to 10~ were prepared. During each experiment,
a small drop of R6G was pipetted onto the exposed area, as shown in
Fig. 1(c). The side surface of the SERS sensor underwent cleaning using
DI water and compressed air after each measurement.

The multimode optical coupler used in our fiber-optic based SERS
sensor is specifically designed by the manufacturer company (ThorLab,
Model FG105LCA to efficiently transmit the excitation laser light at 532
nm and to collect the backscattered SERS signal. The key parameters and
design considerations for the coupler includes the following. The
coupler is optimized for broadband operation, effectively covering the
wavelength range from 500 nm to 700 nm. This ensures low loss and
efficient coupling for both the 532 nm excitation light and the broad-
band backscattered SERS signal. It is also designed to have minimal
splicing loss with the side-polished sensor. The splicing process was

[€))

Nanodisk arrays
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carefully controlled to achieve a low insertion loss, typically around 0.2
dB. This low loss is crucial for maintaining the signal strength of both the
excitation light and the backscattered Raman signal. Additionally, the
coupling efficiency of the multimode coupler is optimized for the core
diameter of 105 pm. The alignment and splicing process were refined to
maximize the coupling efficiency, ensuring that the majority of the
excitation light is directed towards the sensing region and the back-
scattered SERS signal is efficiently collected. The coupler design ensures
strong and consistent coupling across a wide wavelength range. This
broadband coupling capability is essential for accurately capturing the
entire Raman spectrum, which spans from the Stokes shift to the anti-
Stokes shift.

The side-polished multimode fiber is precisely aligned with the
coupler to minimize any air gaps and misalignments that could lead to
scattering losses. The polishing process was optimized to achieve a
smooth and uniform surface, further enhancing the coupling efficiency.
WThis design contributes significantly to the overall sensitivity and
performance of our fiber-optic SERS sensor.

3. Results and discussion

To optimize the SERS sensor's configuration and determine the op-
timum sensitivity, two key factors were investigated: (1) the nano an-
tenna's disk diameter at fixed periodicity. The disk diameter was
manipulated by tuning the exposure dosage. The strength of the E-field is
dependent on the size and shape of the disk array. The manipulation of
nanodisk size through UV exposure is based on established principles of
photolithography, where the duration and intensity of UV light directly
influence the dimensions of patterned features. This technique has been
widely documented in the literature and is routinely used in nano-
fabrication processes to control feature sizes. While we understand the
importance of providing experimental validation, our manuscript fo-
cuses on the application of these fabricated nanodisks for Raman
detection rather than on the detailed fabrication process itself. Our
previous work discusses the details of creating disk diameters with
various diameters on the fiber tip [28]. (2) the sensing surface area of
the polished region. We hypothesized that increasing the surface area to
some extent will maximize the S/N ratio and thus increase the sensi-
tivity. Initially, the impact of the nanoantenna arrays were investigated
by fabricating several sets of nanodisks with diameters ranging from 522
to 800 nm, a thickness of 60 nm on two sensing surface areas of 1.7 mm
and 7 mm. Three disk diameters (522 nm, 602 nm, and 800 nm) were
fabricated on a sensing area of 1.7 mm and tested with R6G dye at
various concentrations ranging from 10> to 10~° M. The resulting
spectral peaks were plotted as a function of concentrations and as a
function of diameters, as shown in Fig. 4. The obtained spectra revealed
characteristic peak positions corresponding to R6G, which align well
with the fingerprint Raman spectra of R6G found in the literature. The
results demonstrates that the detection sensitivity is 10~° M, as shown in
Fig. 4(b). Furthermore, the results indicated that the SERS characteristic
peak intensity increased with increasing disk diameter, as shown in

Fig. 3. SEMs of (a) a 3D printed mold with nanodisks arrays patterned, and (b and c) magnified views of the nanodisks arrays.
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Fig. 4. Relative intensity versus concentration for SERS sensor with fixed disk diameters and sensing areas of (a) 602 nm and 105 ym x1.7 mm, (b) 635 nm and 105

um x 7 mm, respectively.

Fig. 5(a). All characteristic peaks of R6G, within the range of 800-1700
em ™!, were detected with a notably higher signal. This result suggests
that larger nanodisks diameter at fixed periodicity contribute to a rela-
tively stronger SERS signal. The larger disk diameter reduces the spacing
between the nanodisks, increasing the signal intensity. As a result, this
enhancement significantly boosts Raman intensity compared to sensors
with smaller nanodisks diameters. The current design sensitivity, i.e.,
limit of detection (LOD) was determined to be 10~° M. However, the
optimal disk diameter has not yet been determined. Future studies will
focus on decreasing the spacing between the disks by reducing the
periodicity, which may result in a much stronger E-field intensity be-
tween the disks, thereby enhancing the S/N ratio and potentially
enabling the detection of R6G at even lower concentrations.

To assess the impact of the sensing surface area, the sensors were
fabricated with two lengths of 1.7 mm and 7 mm with core diameter of
105 nm and with relatively similar disk diameters of 635 nm and 602 nm
respectively. The sensors were tested with R6G dye at various concen-
trations and compared at a fixed concentration of 10~> M, as shown in
Fig. 5(b). Notably, the Raman intensity collected from the 7 mm sensing
area sample exceeded that from the 1.7 mm sensing area sample, sug-
gesting that a larger sensing area allows more photons to interact with
the sample at the nanoantenna surface, reflecting some of the scattered
light back towards the Raman system, resulting in a higher signal
enhancement. The characteristic peaks of R6G were distinguishable
even at a concentration as low as 1072 M.

The observed increase in Raman intensity signal with larger sensing
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areas can be attributed to several factors related to the interaction be-
tween the light spot size, sensing surface, and analyte distribution. When
the sensing area is increased, the interaction volume between the inci-
dent laser light and the analyte molecules is also increased. This larger
interaction volume results in more effective scattering of light. The
portion of the scattered light reflected back through the fiber and
collected by Raman Instrument, thereby enhancing the Raman signal.
The laser light spot size is typically constant for a given setup. However,
with a larger sensing area, a greater number of analyte molecules within
the illuminated region can contribute to the Raman scattering process.
This results in an increase in the number of scattered photons being
collected, thus improving the signal intensity. Additionally, with a larger
sensing area, the probability of the laser interacting with more nano-
disks also increases, which can further enhance the SERS effect due to
the increased number of hotspots. Additionally, the diffusion of R6G
sample on the sensing surface plays a crucial role in determining the
uniformity and concentration of the analyte in contact with the nano-
disks. On a larger sensing surface, the R6G sample can spread out more
evenly, ensuring a more uniform distribution of the analyte molecules
across the nanoantenna arrays. This uniform distribution can lead to
more consistent and reliable enhancement of the Raman signal.

This study focused on analyzing the influence of nanoantenna disk
diameter and sensing surface area on the performance of the SERS
sensor. Future work will expand the number of samples and investigate
additional parameters. For instance, we will examine the effect of
reducing the periodicity on the SERS signal, where the periodicity is

(b)
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Fig. 5. SERS signal comparison between (a) disk diameters with a fixed area of 105 pm x 1.7 mm, and (b) sensing areas for relatively similar disk diameters (635 nm

and 602 nm). The R6G concentration was 10-5 M.
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determined by the size of the microsphere (with the periodicity equal to
the microsphere's diameter). This study focused on a periodicity of 1 pm.
Reducing it to sub-1 pm will require further optimization of microsphere
preparation and self-assembly.

4. Conclusion

This work presents the design and fabrication fiber optics-based
SERS sensor created on a side-polished multimode fiber. The fiber was
integrated into a 3-dimensional (3D) printed plastic mold, facilitating
polishing the fiber's core and cladding, and securing the fiber in place.
This integration has enabled the creation of the nanoantenna arrays on
the polished surface using low-cost Microsphere Photolithography
(MPL) and lift-off processes. The fabrication of the nanoantenna on a
side-polished multimode optical fiber is a new innovation. The sensor
performance was evaluated using R6G dye with concentrations ranging
from 107> to 10~ M. The measured spectra exhibited characteristic
peak positions corresponding to R6G, indicating successful detection.
Notably, the sensor with the larger sensing surface area exhibited
stronger signal intensities, directly proportional to the surface area. The
characteristic peaks of R6G spectra were distinguishable even at lower
concentrations. Moreover, the sensors with largest disk diameter at a
fixed periodicity demonstrated the strongest signal, resulting in the
highest sensitivity of 10> M. Future work will expand the number of
samples and investigate additional parameters, periodicity for
enhancing the performance and improve the sensitivity.
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