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Mode-Locked Based on Side-Polished Fiber Coated with Gold as a Medium for the

Temperature Sensor

Noor Azura Awang®* and Nik Noor Haryatul Eleena Nik Mahmud?®

Abstract: We present a mode-locked based on side-polished fiber (SPF) as a medium for temperature sensing. To develop a mode-locked
fiber sensor (MLFS), an erbium-doped fiber and gold nanoparticles with 10 nm thickness were coated onto SPF. An MLFS pulse was
generated at 38.5 MHz with a pulse interval of 0.0258 ps, matching the cavity round-trip time. The sensing part was tested under two
conditions: heating (100to 0 °C) and cooling (0to 100 °C). The experiment revealed a linear relationship between the resonant
wavelength shift and temperature variations, with sensitivities of 0.4079 and 0.3775 nm °C™" during heating and cooling, respectively. The
SNR value increased from 43.9 to 56.3 dB, indicating stable output power precision. Moreover, the incorporation of a gold-nanoparticle
coating on SPF improved sensor sensitivity and reliability while reducing the effects of external variables such as moisture and vibration.
These properties also describe the sensor's strength and adaptability in demanding industrial and commercial applications. Future
research will focus on assessing long-term performance under changing environmental conditions, thereby ensuring dependability across

varied contexts.
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1. Introduction

The characteristics of mode-locked fiber laser (MDFL), such as
narrow pulse width, wide spectrum, and high pump power, could
lead to potential uses such as environmental sensing, material
processing, and medicine (Fried et al., 2005; Li et al., 2022;
Stewart et al, 2003; Zhang et al., 2002). A passive MDFL with a
saturable absorber (SA) is more effective at generating ultrashort
pulses than an active MDFL that employs active modulation. The
use of SA changes resonator losses much faster than active
electronics. Additionally, it is more economical and compact (Lu
et al., 2018). A prior study indicated that pulse fiber lasers
effectively achieved operation under the impact of SA, including
2D materials, topological insulators (Tl), Semiconductor Saturable
Absorber Mirror (SESAM), black phosphorus (BP), and transition
metal dichalcogenides (TMD) within the laser cavity (Jung et al.,
2014; Matsas et al., 1992; Novoselov et al., 2005; Song et al.,
2017; Trushin et al., 2016). However, some SA materials have
severe limitations, including low stability and performance, a low
damage threshold, and a narrow operating wavelength (Keller,
2004). Recently, Guo et al. and Ahmad et al. reported their work
using silver nanoparticles (SNPs) because SA can produce pulsed
fiber lasers. Thus, this suggests that transition-metal exploration
includes silver and gold, as SA has emerged as a new approach to
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ultrashort-pulse lasers due to its unique optical properties (Liao
et al., 1997; Zhou et al., 1994).

Recently, fiber laser temperature sensors have attracted
significant attention from researchers due to their high sensitivity,
high signal-to-noise ratio (SNR), ease of manufacture, and good
anti-interference performance (Madry et al., 2019; Gonzalez-
Reyna et al., 2015). Numerous optical fiber sensors operating at
1.5 um have been demonstrated, largely because of the superior
quality and broad availability of components in the C-band. For
example, optical fiber including fiber Bragg gratings (FBGs) (Lin et
al., 2015), long-period fiber gratings (LPGs) (Viegas et al., 2009; Fu
et al., 2020), Sagnac interferometers (SI) (Chen et al., 2018), and
photonic crystal fibers (PCF) (Luo et al., 2021). However, some of
the technologies have inherent drawbacks. Standard FBGs etched
with UV lasers may exhibit reduced reflectivity and increased
brittleness at high temperatures, especially above 300 °C (Wu et
al., 2015; Wang et al., 2022). The Michelson interferometer with
misaligned fibre requires additional adjustments or calibration
during construction, which increases complexity (Cao et al.,
2017), in contrast to the Fabry-Perot interferometer with air
cavities, which may be insensitive to temperature variations (Lu
et al., 2023).

Furthermore, new developments in the production of fibre
Bragg gratings using femtosecond laser pulses have removed
several constraints. Femtosecond laser-induced fibre Bragg
gratings are more heat-resistant and more stable compared to
their UV-inscribed equivalents. Based on the research conducted
by Grobnic et al. (2006), it is possible to permanently alter the
refractive index by a factor of up to 10~3. Grobnic et al. (2006)
have found that Type-Il FBGs made of SMF-28 fibres may resist
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temperatures as high as 1000 °C (Grobnic et al., 2006). Therefore,
the use of femtosecond pulses offers a reliable solution for high-
temperature sensing, thereby expanding their usefulness in very
demanding conditions.

In addition to FBGs, other fiber-optic-based temperature
sensors have also been studied. A biconical fiber temperature
sensor has previously been investigated, which had temperature
sensitivities of 0.010 and 0.0067 nm °C~! for tapered lengths of
20.548 and 18.382 mm, respectively (Kieu & Mansuripur, 2006).
However, these geometries have some disadvantages, including
susceptibility to low temperatures and the need for complex
processing techniques. In contrast, side-polished fibers (SPF) are
among the most attractive alternatives because their cores are
exposed, enabling strong evanescent-field interaction with
external media. Because of this kind of interaction, SPF structures
are very responsive to changes in the external refractive index and
temperature. Previous work has shown their efficiency in
improving the performance of relative humidity sensors (Huang
etal., 2018), refractive index, and temperature (Teng et al., 2022).
Their versatility suggests the possibility of enhancing sensing
applications involving temperature and the environment using a
simpler geometry than configurations such as FBGs.

In addition, SPF offers several advantages over etched,
tapered, or LPFG structures, including low attenuation losses,
cost-effectiveness, ease of fabrication, and mechanical
robustness (Arjmand et al., 2017). To perform MDFL, the SPF has
been coated with metal nanoparticles such as gold nanoparticles
(NP) (Mahmud et. al., 2023). Since gold-NP shows a higher value
of the third-order non-linear coefficient than that of other
nanomaterials, it is a suitable material to be used as an SA for
pulse generation (Liao et al., 1997).

In this study, we constructed a mode-locked fiber sensor
(MLFS) incorporated into an EDFL cavity to produce pulses for
temperature measurement. Compared with the femtosecond
laser-inscribed FBG, this solution does not require an expensive
ultrafast inscription system while still offering high temperature
sensitivity and strong signal-to-noise performance enabled by
mode-locking. The entire laser cavity consists of 0.5 m of EDF with
an overall length of 2.81 m. The gold-NP SPF serves
simultaneously as a saturable absorber and a temperature-
sensitive element with sensitivities of 0.4079 (cooling) and 0.3775
nm©°C! (heating). This simple, low-cost arrangement
demonstrates the capability of SPF-based structures for scalable,
practical optical fiber temperature sensors.

2. Experimental setup

2.1 Side-Polished Fiber-Coated Gold

The fabrication of gold thin film is shown in Figure 1 by using
the Quorum DC magnetron sputtering technique. To begin the
procedure, the chamber was filled with argon gas to achieve a
complete vacuum. This process enabled the ionized Argon gas
atoms to collide with the gold target, therefore releasing the
particles into the existing plasma. Thus, the negatively charged
gold atoms are moved into a positively charged substrate and
then condensed, forming a thin layer. Before starting the
deposition process, the density was set at 19.32 gm™3with a
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thickness of 10 nm. The distances of core and cladding after
deposition were 93.239 and 245.811 um.

Figure 1. SPF coated with gold using a Quorum DC magnetron
sputter coater.

2.2 Temperature Sensor

Figure 2 shows a single-ring cavity that includes 32.12
dBm'absorption coefficient of 0.5 m EDF with overall length
cavity 2.81 m (Mahmud et al., 2022). This setup operates with a
980 nm laser diode (LD). To prevent unidirectional light
transmission within the laser cavity, an isolator was used in the
setup. A wavelength-division multiplexer (WDM) was used to
combine and separate light into distinct wavelengths. The laser
output was extracted through a 10% fiber coupler, while the
remaining 90% circulated within the cavity. To generate MDFL, a
gold-NP SPF was integrated in the setup, and 50% of the laser
output was monitored by an optical spectrum analyser (OSA) and
an oscilloscope (OSCI). The gold-NP SPF, which served as the
sensor, was submerged in water, and a thermometer was inserted
to measure the temperature. An MFLS was evaluated throughout
both the heating and cooling cycles. The water was heated to 100
°C, and after the measurements were taken, the hot plate was
turned off to initiate cooling. During heating, the MLFS output
pulse varied over the temperature range of 0 to 100 °C; during
cooling, it varied from 100 to 0 °C.
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Figure 2. Configuration of mode-locked fiber sensor (MLFS).
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3. Results and analysis

An initial measurement of the optical spectrum of the MFLS
at room temperature is shown in Figure 3(a). With a pump power
of 297.3 mW, the MLFS optical spectrum has a centre wavelength
of 1563.1 nm and a 3-dB bandwidth of 11.2 nm. The presence of
Kelly sidebands in the output spectrum was attributed to the
abnormal dispersion occurring in the ring cavity (Sun et al., 2010).
These sidebands arise from the periodic interference between
soliton pulses and dispersive waves circulating in the cavity,

confirming that pulse shaping is governed by soliton dynamics.
Figure 3 (b) depicts a pulse train of the MLFS operating at a
frequency of 38.5 MHz. The pulse interval was determined to be
about 0.0258 us, matching the cavity's round-trip duration
exactly. Hence, verifying the mode-locked laser's basic operation.

As shown in Figure 3(c), the pulse width of the MFLS was
determined by analyzing the autocorrelation trace and fitting it
with a sech? profile. The blue curves represent the measured
autocorrelation (ACF) signal, while the red curves refer to the
theoretical fit based on the sech? temporal profile. From the
fitting result, the full width at half maximum (FWHM) of the
autocorrelation trace was measured to be 1.149 ps. Assuming the
sech? pulse shape, a deconvolution factor of 1.543 was applied,
yielding an estimated pulse duration of 0.691 ps = 691 fs. The MSE
of 5.313 x 107° indicated excellent agreement between the
experimental data and the fitted curve, and hence the generated
pulse closely follows a sech? profile. Furthermore, the narrow
autocorrelation width and good fit quality confirm that stable
ultrashort pulses were produced by the mode-locked fiber laser.
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Figure 3(d) shows that the OSCI captured the RF spectrum of
the MLFS, with a 500 MHz scanning span. The inserted image
shows that the first-order peak aligns precisely with the laser
cavity's repetition frequency, observed at 38.5 MHz. With an SNR
of 44.1 dB, this finding indicates that the MLFS is operating
steadily. Consistent with the basic cavity repetition rate
determined from the OSCI trace, the observed trace generates
the fundamental frequency at 3.86 MHz. According to Li et al., the
stability and coherence of mode-locked operation were verified
by the presence of a clear fundamental peak and the absence of
subharmonic components (Li et al., 2023).

After the reference measurements were completed, the
water was heated using a hot plate, with measurements taken
across the temperature range from 0 to 100 °C. Throughout the
experiment, the pump power was maintained at 297.3 mW to
ensure consistent results and minimize environmental
interference. Figure 4 (a) presents the output spectrum of the
MLFS at 0, 40, and 100 °C, as recorded by OSA. At 0 °C, the
resonant wavelength was observed at 1530.20 nm. As the
temperature increased, the resonant wavelength shifted to
longer wavelengths, moving from 1530.20 nm at 0 °C to 1568.70
nm at 100 °C, with a corresponding change in output power from
-13.60 to -13.20 dBm. Figure 4(a) shows that 100 °C results in the
largest shift among the other temperatures, due to the SPF's
thermo-optic behavior (Senosianin et al., 2002). Although the
refractive index was not directly measured in this work,
temperature-induced changes in the refractive index of the
exposed core region are well established in the literature,
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Figure 3. Performance of MLFS (a) Optical spectrum (b) Pulse train (c) Autocorrelation trace (d) Radio-frequency (RF) spectrum
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Figure 4. (a) Output spectrum of the MLFS varies at temperatures 0, 40, and 100 °C. (b) Repeatability of wavelength shifting at 100°C

temperature.

interactions. Such a thermo-optic effect alters the optical path
length of SPF, resulting in a red shift of the lasing wavelength at
high temperatures (Zainuddin et al, 2019). Otherwise,
temperature-dependent effects have been observed in plasmonic
absorption and the non-linear response of the gold-NP coating
(Ganeev, 2019). These changes further affect the EDF laser's
intracavity gain-loss balance, leading to spectrum broadening and
intensity fluctuations in the experiment, which explain the
significant temperature-dependent wavelength shifts observed in
this work (Jachpure & Vijaya 2024).

Additionally, the gold-coated SPF was monitored at 100 °C
(indicated by the upward arrow) for 4 cycles, as illustrated in
Figure 4(b). The findings reveal that wavelength shifting from
1563.1 to 1568.7 nm with a tuning range of 5.6 nm. After 20
minutes, the wavelength shift stabilized, and upon exposure to air
(arrow downward), the wavelength returned to its reference
value within 10 minutes. This behavior was consistent across
multiple cycles, even at other temperatures, demonstrating that
the sensor has good stability and a fast recovery time in air.
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During heating, the OSA obtained the radio-frequency (RF)
spectrum of the MLFS, as shown in Figure 5(a). The power and
frequency of the MLFS's output are shown in the graph as a
function of temperature. The frequency remains constant at 38.5
MHz, whereas the output power drops from -44.74 dBm to -57.21
dB as the temperature increases. At 100 °C, the SNR is 56.30 dB,
up from 43.84 dB at room temperature, suggesting a higher SNR
even with the pump power unchanged. This increase in SNR is due
to the laser cavity being thermally stabilized and to the gold-
coated SPF, which introduces improved resonance
characteristics.

The temperature was lowered from 100 to 0 °C in 20 °C
increments by adding ice cubes throughout the cooling process.
Figure 5(b) shows that the RF spectrum produces an output power
of -50.83 dBm at 100 °C and gradually increases to -44.76 dBm at
0 °C while the MLFS operates at a cooling temperature. The rate
of repetition remains the same throughout the procedure.
Although thermal factors throughout the experiment play a
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Figure 5. The graph between output power and frequency against temperature for (a) heating and (b) cooling processes.
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Figure 6. a) Wavelength shift of the MFLS during (a) heating and (b) cooling processes.

secondary role in determining SNR stability, the SNR declined
from 50.00 to 43.90 dB during cooling, suggesting that
temperature fluctuations had little effect on SNR (Fu et al., 2020).
The gold-NP SPF contributes to the higher SNR observed at higher
temperatures. According to Chou et al. (2019), this material has
superior performance compared to others when it comes to
wavelength tuning range, resonance augmentation, and
sensitivity (Chou et al., 2019). Incorporating a gold-NP SPF into the
laser ring cavity thus significantly enhances the MFLS SNR. To
evaluate the sensor's functionality and performance in harsh
environments, further research over a wide temperature range is
required, even though the present findings demonstrate that the
SNR remains generally constant across the observed range.

The data are fit to a linear relationship between the resonant
wavelength shift and temperature variation, as shown in Figure
6(a). The graph shows that as temperature increases, the
wavelength shifts toward longer wavelengths (Sharma & Gupta,
2006; Bai et al., 2019). This is due to the thermal effect, which
causes the resonance wavelength to shift during heating (Chou et
al., 2019). Therefore, the wavelength shifts to longer wavelengths
during heating. At temperatures higher than 60 °C, there is a non-
linear shift in wavelength that is caused by the interplay between
the exposed core area of the SPF, the plasmonic and non-linear
absorption properties of the gold nanoparticle coating (Ganeez
2019), and the EDF's temperature-dependent gain profile
(Bolshtyansky et al., 2000). These factors cause wavelength
changes to occur more rapidly at higher temperatures, unlike the
usual simple linear thermo-optic behavior observed in FBG-based
sensors.

During cooling, the MLFS temperature was slowly reduced to
room temperature, then reached 0 °C after some ice cubes were
added. In Figure 6(b), the resonant wavelength shifts toward
shorter wavelengths as the temperature decreases from 100 to 0
°C. During the cooling process, the temperature decreased, and
the resonant wavelength shifted from 1568.00 to 1530.55 nm, so
the wavelength shifted by around < 10 nm. Based on Figure 6 (a-
b), the temperature sensitivity of the heating and cooling
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conditions was about 0.4079 and 0.3775 nm °C™1, indicating a
hysteresis of approximately 8% (Lin et al., 2020). This level of
hysteresis is considered significant because an ideal temperature
sensor should exhibit responses that are almost identical during
heating and cooling. The observed divergence suggests that the
system does not fully return to its original spectral position after
each heat cycle. This conclusion is most likely due to the gold-NP
SPF expanding at different rates during heating, potentially
resulting in residual mechanical stress at the interface. Each
condition yields R? value of 0.8382 and 0.9124.

4, Conclusion

In this paper, the successful demonstration of an MLFS coated
with gold-NP is presented, with its temperature characteristics
thoroughly examined. The sensor exhibits temperature
sensitivities of 0.4079 mnm °C”'during heating and 0.3775
nm °C~! during cooling, the presence of thermal hysteresis. As
the temperature rises, the resonant wavelength shifts toward
longer wavelengths, and the experimental data confirm a strong
linear correlation between the wavelength shift and ambient
temperature fluctuations. In addition, the temperature effect on
output power and SNR was examined, showing that an increase
in SNR due to the enhanced sensitivity of the gold-NP SPF, which
improves the sensor's performance. Thus, the proposed sensor
has several merits, such as ease of use, a simple fabrication
process, and applicability for temperature monitoring across
various applications. Future research will focus on reducing the
effects of thermal hysteresis through material optimization and
improved manufacturing techniques to provide
stability and reliability in practical applications.

long-term
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