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This work aims to study the dual-wavelength Q-switched fibre laser performances with erbium-
doped fibre as the gain medium and the fibre Bragg gratings to allow stable switchable dual-
wavelength states. Spider silk was used as an alternative biological material for saturable absorber.
The spider silk as a saturable absorber was prepared by directly sandwiched between the surface of
fibre ferrules. A dual-wavelength system operating at 1550 nm and 1560 nm was generated by
modulating the polarisation controller to regulate the mode competition in the ring cavity. This
allows for a flexible switch between individual wavelengths of 1550 nm or 1560 nm. The device
operates at a wavelength of 1550 nm, with 26.63 kHz repetition rate and 9.45 us pulse width. At a
wavelength of 1560 nm, it produces a repetition rate of 24 kHz and a pulse width of 10.47 us. The
output demonstrated consistent stability throughout time, with no changes recorded. This indicates
a stable signal-to-noise ratio of 41.12 dB and 34 dB for wavelengths 1550 nm and 1560 nm,
respectively. This study presents the latest approach using spider silk as a saturable absorber to
create a dual-wavelength Q-switched fibre laser. The laser is based on a fibre Bragg gratings device
and has potential uses in terahertz signal and laser radar.
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I. INTRODUCTION

Dual-wavelength Q-switched fibre laser is a highly adaptable
light source that can emit more than a single discrete laser
emission line. While, switchable dual-wavelength fibre laser
implies the ability to adjust the laser emission rapidly and
discretely from one fixed wavelength to another predefined
wavelength, which has drawn significant attention in various
fields of applications, including biomedical research (Al-
Karadaghi et al., 2015), fibre optic sensing (Du et al., 2019; Yin
et al., 2019; Arman & Olyaee, 2021; Sardar et al., 2021),
millimetre wave (Yu et al., 2006), optical communication
systems, microwave photonics (Yao et al., 2006; Pan & Yao,
2009b; Pan & Yao, 2009a; Jiang et al., 2011; Wang et al.,
2015), remote sensing instruments (Sharma et al., 2004; Han
et al., 2005), spectroscopy (Krzempek et al., 2013) and
terahertz signal (Gu et al, 1998; Kleine-Ostmann &
Nagatsuma, 2011; Tang et al., 2011; Soltanian et al., 2015).
Dual-wavelength Q-switched fibre laser consists of a basic Q-
switched configuration component, two selective wavelength
elements of the fibre Bragg grating device, and a polarisation
controller, which is necessary to obtain switchable dual-
wavelength operation and to reflect at different wavelengths.
Fibre Bragg grating operates as a wavelength-selective
element, which is carefully structured with distinct grating
periods that align with the targeted wavelengths at which they
reflect light (Erdogan, 1997; Lin et al., 2001). The fibre Bragg
grating's design parameters, such as the period and amplitude
of the refractive index modulation, determine the specific
wavelength that the grating reflects. When light travels
through an optical fibre, the fibre Bragg grating causes the
reflection of the Bragg wavelength, leading to a distinct
reflection peak at that specific wavelength, and at the same
time transmits all others.

A saturable absorber is essential to passively Q-switched,
which is an optical device or material that exhibits a nonlinear
response to incident light. It is featured by the potential to
modulate the light intensity passing through them, depending
on the intensity of the incident light. The mechanism of a
saturable absorber is based on the concept of intensity-
dependent transmission or absorption of light (Kashiwagi et

al., 2010). It is classified either as an artificial or real saturable

absorber. Artificial saturable absorbers such as nonlinear
polarisation rotation (Duran-Sanchez et al., 2023), non-linear
optical loop mirrors (Ibarra-Escamilla et al., 2018), and
nonlinear optical amplified mirrors (Duran-Sanchez et al.,
2022) have the advantages of ultrafast response. However,
they can easily be influenced by environmental conditions,
which limits their application. On the other hand, real
saturable absorbers are one of the most widely used
techniques to produce dual-wavelength Q-switched fibre
laser, they have higher environmental persistence than
artificial saturable absorbers. Additionally, they can be simply
incorporated into an optical fibre (Ainnaa Mardhiah
Muhammad et al., 2023). Common real saturable absorbers
are used, which include calcium carbonate nanoparticles,
graphene, molybdenum sulfoselenide, topological insulator,
tungsten sulfide, and zinc oxide-titanium dioxide
nanoparticles (Guo et al., 2015; Li et al., 2019; Yusoff et al.,
2019; Ali et al., 2021; Muhammad et al., 2022; Jasem et al.,
2023; Muhammad et al., 2023). Despite the existence of a
variety of saturable absorbers, there has been a lack of
emphasis on valuable biological saturable absorbers, such as
spider silk. Natural spider silk is a type of protein-based
biological material produced by spider naturally through the
silk gland in the bodies (Kiseleva et al., 2020). In response to
the growing need for sustainable development, natural spider
silk became an ideal alternative for use as a saturable absorber
in the formation of dual-wavelength Q-switched pulse fibre
laser as it can produce the pulse at a very short time due to fast
recovery, which means that they can quickly return to their
transparent or low absorption state after absorbing a high-
intensity laser pulse. The fast recovery time possessed by
spider silk is due to the transparency of spider silk
corresponding to the optical transparency of the fibre. It
enables efficient transmission of light, by minimising the
losses of the cavity created thus facilitating the creation of
intense laser pulses. Previous studies have demonstrated that
spider silk possesses unique properties that allow it to
transmit light. This capability is attributed to the specific
protein structure inherent in spider silk (Huby et al., 2013a; E
etal., 2022; Li et al., 2022). The tensile strength of spider silk

that may surpass some max phases material is believed to
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maintain the stability of the pulse will be generated within the
laser system ensuring consistent performance during the Q-
switching operation. Furthermore, it can be utilised as an
effective saturable absorber in fibre laser structures without
the need for complex procedures or particular components.
Inherently more versatile and can adapt to various
environmental conditions, which may not be the case for alkali
metals as spider silk has been shown to maintain its
functionality and longevity over an extended period due to
high resistance to optical damage and degradation under
different operating conditions (Huby et al., 2013a; Qiao et al.,
2017; Hey Tow et al., 2018; E et al., 2022; Muhammad et al.,
2024). We used a biological material of spider silk as a
saturable absorber material instead of organic material, max
phases, and alkali metal due to spider silk is a biocompatible
and sustainable material that coincides with the increasing
need for eco-friendly and bio-inspired technologies. The
environmental footprint of laser technology can be neutralised
by selecting spider silk as a saturable absorber. This could
have implications for applications in biomedicine, bio-optical
sensing, and biochemical fields, all of which require
biocompatibility (Vehoff et al., 2007; Fu et al., 2009; Huby et
al., 2013b; Hey Tow et al., 2018; E et al., 2022; Li et al., 2022).

In this study, a straightforward method of dual-wavelength
Q-switched erbium-doped fibre laser was experimentally
generated from a biological material of spider silk as a
saturable absorber, together with the utilisation of fibre Bragg
gratings. Here, spider silk was sandwiched between the
surfaces of fibre ferrules. In our laser configuration, we have
successfully demonstrated the ability to switch between two
different wavelengths. This was accomplished by using two
fibre Bragg gratings as a coarse wavelength selector.
Additionally, we used a spider silk-based saturable absorber
to realise Q-switched operation. As a result, a stable dual-
wavelength Q-switched pulse fibre laser was attained with
central wavelengths of 1550 nm and 1560 nm. In addition,
precise manipulation of the polarisation controller allows for
the attainment of dominant-wavelength Q-switched operation
at either 1550 nm or 1560 nm. This enables the convenient
switching between the two wavelengths as desired. As far as

we know, this is the first instance where spider silk is being

used as a saturable absorber to successfully create a dual-
wavelength Q-switched pulse erbium-doped fibre laser

experiment.
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II. EXPERIMENTAL

The spider silk sample was prepared using the same
technique as described in (Muhammad et al, 2024),
specifically in Section 2.1 and Section 2.2. Figure 1 displays
the configuration of the proposed switchable dual-
wavelength Q-switched erbium-doped fibre laser with a gain
medium that was selected consisting of highly erbium-doped
fibre, specifically the I-12(980/125)HC with a length of 3
meters. All of the other fibres used were classed as standard
single-mode fibres. The erbium-doped fibre was excited by a
laser diode operating at a wavelength of 980 nm, which was
spliced to a 980/1550 nm wavelength division multiplexer. A
configuration using the concatenation of two fibre Bragg
gratings was deployed as a coarse wavelength selector, with
defined central wavelengths of 1550 nm and 1560 nm,
respectively. The polarisation controller was used in between
the two fibre Bragg gratings to set the intracavity
birefringence (to split the optical signal). The unidirectional
performance of the fibre laser was ensured through the use of
a circulator, which was positioned between erbium-doped
fibre and a 90:10 optical coupler. A 10 % port of optical
coupler was tapped out from the ring cavity, to obtain the
output signal, while the remaining 9o % serves as feedback
within the cavity. Between the 90:10 optical coupler and the
optical isolator, the silk directly collected from the jumping
spider of Plexippus sp. was introduced as a saturable
absorber. The optical spectrum analyser (OSA; Yokogawa,
AQ6370D) was used to monitor and evaluate the signal
analysis within the optical spectrum. The measurement of the
pulse train and frequency domain was conducted using the
Tektronix MDO3104 oscilloscope in conjunction with the 5
GHz InGaAs biased detector (Thorlabs, DETo8CFC/M)
photodetector.

In dual-wavelength Q-switched, the fibre laser cavity is
designed to support two distinct wavelengths simultaneously.
The Q-switched mechanism involves controlling the quality
factor (Q factor) of the laser cavity, which regulates the pulse
generation. The polarisation controller manipulates the
polarisation state of light, impacting the Q-switched
operation. Fibre Bragg gratings, acting as wavelength-
selective mirrors, assist in generating dual-wavelength
pulses. Spider silk saturable absorber modulates the laser

intensity, contributing to the Q-switched. A detailed

explanation, the generation of Q-switched pulses takes place
by initiating a photon of light that will enter the core of the
erbium-doped fibre. This erbium-doped fibre serves as the
gain medium in the laser cavity to amplify light. Erbium ions
contained in this fibre will help to absorb the energy supply
from the pump diode. The energy will be transferred to
erbium ions creating a population inversion meaning that the
exceed ion is at a higher state rather than ground state ions.
The pump diode will continuously supply energy to gain
medium, thus maintaining the creation of population
inversion. Following that, the light will continue to enter
spider silk saturable absorber material. In fact, saturable
absorber material is designed to have high absorption
material, creating high losses within the laser cavity thus
inhibiting lasing from occurrence. As mentioned before, the
pump diode continuously supplies energy to gain medium.
After a specific time, the energy contained within the gain
medium achieved a threshold value that is higher than the
loss of cavity created by the spider silk saturable absorber,
causing the absorption of the spider silk saturable absorber to
suddenly become saturated and then move to a transparent
state. At this moment, the loss of the cavity will be reduced
and the accumulation of energy contained in the gain medium
will be released thus forming the Q-switched pulse with high
energy and short intensity. After the pulse was generated, the
spider silk saturable absorber seemed to bring themselves to
the recovery phase, preparing for the next round of lasing.
During this time, the spider silk saturable absorber returns to
its high absorption state, causing high losses of the cavity and
inhibited lasing. The pump diode continues to supply energy
to gain medium, readying themselves for the next cycle. The
entire process repeats itself. As the spider silk saturable
absorber recovers, the loss in the cavity increases, inhibiting
lasing. The energy of the gain medium continues to be
accumulated once again until reaching the threshold value,
and the spider silk saturable absorber switches state, leading

to the generation of the Q-switched pulses.
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Figure 1. Schematic configuration of switchable dual-
wavelength Q-switched erbium-doped fibre laser with spider

silk as a saturable absorber.

III. RESULT AND DISCUSSION

A. Characterisation

Our study previously conducted, revealed the detailed
characteristics of spider silk to act as a saturable absorber

according to reference (Muhammad et al., 2024).

B. Switchable Dual-wavelength Q-switched
erbium-doped Fibre Laser

In this experimental configuration, the occurrence of
continuous-wave lasing was noticed when the pump power
reached a threshold value of 34 mW. Furthermore, the self-
starting Q-switched pulse was generated once the input pump
power reached 41 mW. The steady pulse patterns were seen
until the pump power reached a value of 151.40 mW. When
the pump power exceeds 151.40 mW, the pulse train becomes
unstable. However, reducing the input power value below
151.40 mW results in the recurrence of steady pulses. This
observation suggests that the structural integrity of the
saturable absorber was not compromised. The presence of an
unstable pulse train, which absorbed below 47.20 mW value,
can be attributed to the insufficient pump power required for
the lasing action of a dual-wavelength Q-switched fibre laser.

The polarisation controller was adjusted, and dual-
wavelength Q-switched output was formed as a result of these
adjustments. Figure 2 shows the presence of the output
spectrum dual-wavelength, 1, at 1550 nm and 1560 nm with
the distance between the peaks, 41 of dual-wavelength by 1

nm. The corresponding output power, P values were -24.73

dBm and -25.31 dBm, respectively. The dual-wavelength Q-
switched pulse train, exhibiting a repetition rate of 25.67 kHz,
was achievable as in Figure 3. The pulse width and peak
intensity of this pulse train were identified to be 9.45 pus and
0.20 arb. unit, respectively. Additionally, there are two
asynchronous pulse trains (harmonic frequency), which
indicates the repetition rates of the two wavelengths are
slightly different. According to the data presented in Figure 4,
the related radio frequency spectrum was also quantified,
utilising a resolution bandwidth of 600 Hz, confirming that
the two asynchronous pulse trains of the dual-wavelength
pulses have two peaks operate around the fundamental
repetition rate of 25.67 kHz and the radio frequency spectrum
under the 15t and 2" orders harmonic has a repetition rate of
25 kHz and 38 kHz, respectively. The calculated signal-to-
noise ratio value was nearly 39 + 11 dB, suggesting stability of

the pulse system.

24 A A,=1550nm ‘ A = 1560 nm
1 P=-24.73 dBm ‘ |‘ |" | P=-25.31dBm
-32 4 ‘ |A3.= 1 nm] ‘
E 10 - | | ‘
D] |
A
5| L
" \
nc" -56 4 ‘ ‘ L
i N B P
- - - o \\\
64 ~_
72 T T T T T T T T T \nMw
1525 1535 1545 1555 1565 1575 1585
Wavelength (nm)

Figure 2. Output optical spectrum for dual-wavelength Q-
switched pulse erbium-doped fibre laser at pump power

value of 151.40 mW.
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Figure 3. Oscilloscope trace of dual-wavelength Q-switched

pulses.
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Figure 4. The radio frequency spectrum of dual-wavelength

Q-switched pulses.

Figure 5 and Figure 6 emphasise the progression of the
dual-wavelength Q-switched pulse characteristics through
the pump power was incrementally increased from 47.20 mW
to 151.40 mW while maintaining a polarisation controller
condition. As indicated in Figure 5, there was a noticeable
increase in both the output power and the pulse energy as the
pump power was varied. Specifically, the output power ranges
from 0.0003 mW to 0.003 + 0.001 mW, while the pulse
energy ranges from 0.05 nJ to 0.13 + 0.02 nJ. Once the pump
power goes over 151.40 mW, the operation of the Q-switched
becomes unstable. Continued augmentation of the pump
power will lead to a transition from Q-switched to
continuous-wave operation; however, this state can be
restored by subsequently reducing the pump power. The
graphical representation in Figure 6 clarifies the relationship
between the repetition rate and pulse width as they evolve
with varying pump power levels. When the repetition rate of
the Q-switched pulses was increased from 6.92 kHz to 25.67
+ 5.78 kHz, there was a continuous decrease in the pulse
width from 22.65 ps t0 9.45 + 3.54 ps. The long-term stability
of the dual-wavelength Q-switched pulse is displayed in
Figure 7. Data was collected every five minutes during half of
an hour observation of a stable dual-wavelength Q-switched
pulse fibre laser. Over this duration, there was no attenuation

of amplitude or change in pulse form.
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Figure 5. Graph depicting the relationship between output
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Figure 7. The long-term stability of dual-wavelength Q-

switched erbium-doped fibre laser.

The switchable dual-wavelength pulse fibre laser by

controlling the polarisation controller was further

demonstrated. Likewise, at a pump power value of 151.40

mW, the recorded output optical spectrum, pulse train, and
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radio frequency spectrum at the corresponding wavelengths
of 1550 nm and 1560 nm are illustrated below.

Figure 8 displays a peak wavelength of 1550 nm,
accompanied by an output power of -23.07 dBm. In Figure 9,
the pulse train is depicted, with the 26.63 kHz repetition rate
corresponding to a pulse width of 9.45 ps, as calculated from
the full width at half maximum of a single pulse with the
intensity of this pulse was roughly 0.19 arb. unit. The radio
frequency spectrum representation of the output pulse train
is shown in Figure 10. The spectrum analysis verifies that the
fundamental harmonic exhibits a frequency of 26.63 kHz,
with the signal-to-noise ratio of 41.12 + 10.02 dB was
determined by comparing the high power and low power
levels within the frequency spectrum. The characteristics of
switchable dual-wavelength Q-switched fibre lasers were
further interpreted. Specifically, the focus is on analysing the
pulse repetition rate, pulse width, output power, and pulse
energy in relation to the pump power. The pump power was
increased from 47.20 mW to 151.40 mW, with all other
variables remaining constant. In Figure 11, the relation of
pulse repetition rate and pulse width can be seen as a function
of the pump power. The observed data indicates an increase
in the pulse repetition rate from 8.04 kHz to 26.63 + 5.85 kHz,
accompanied by a notable decrease in pulse width from 18.95
us to 9.45 + 2.60 ps. Additionally, the output power and the
accompanying computed pulse energy were obtained, as
illustrated in Figure 12. The increase in the pump power
results in increases in both the output power from 0.0005
mW to 0.005 + 0.001 mW and pulse energy from 0.07 nJ to
0.19 £ 0.04 nd.

However, the pulse energy curve in Figure 5 and Figure 12
fluctuates and does not increase linearly due to the dynamics
interplay between the gain, losses, and Q-switched
mechanisms. The inherent nonlinear process to generate a Q-
switched pulse includes the accumulation of energy in the
gain medium, followed by the sudden release of energy being
stored, and then the formation of the pulses, which lead to
variations in pulse energy. Furthermore, the dual-wavelength
fibre laser operation brings additional complexities, which
means the interaction between different wavelengths leads to
mode competition and fluctuates in the energy level of each
wavelength. Next, the sensitivity of the fibre laser system to

external conditions, such as temperature fluctuations or

mechanical vibrations, can also contribute to nonlinear
behaviour. These external factors introduce instabilities in

the laser cavity, affecting the pulse generation process.
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In the meantime, Figure 13 exhibits the dominant
wavelength at the peak of the 1560 nm spectrum, featuring an
output power of -23.10 dBm. In Figure 14, the pulse train was
seen, with a repetition rate of 24 kHz and a pulse width of
10.47 s, as calculated from the full width at half maximum
of an individual pulse. The wavelength of 1560 nm likewise
has a stable signal-to-noise ratio of 34 + 12 dB measured from
the radio frequency spectrum of the pulses under harmonic
characteristics possessing the repetition rate of 24 kHz and
36 kHz, respectively, as indicated in Figure 15. Figure 16
presents a trend of the characteristic features commonly
observed in Q-switched pulse fibre laser. It demonstrates a
notable increase in the pulse repetition rate, ranging from
6.45 kHz to 24 + 5 kHz. This increase was accompanied by a
matching decrease in pulse width, which reduced from 24 us
t0 10.47 + 3.30 ps. In addition to this, the output power and
the related predicted pulse energy were measured, as in

Figure 17. The values of output power and pulse energy were

determined at 0.0006 mW to 0.005 + 0.001 mW and 0.10 nJ
to 0.20 + 0.03 nJ exhibiting a linear relationship with the

pump power, increased from 47.20 mW to 151.40 mW.
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Both figures reveal the phenomenon of mode competition
in erbium-doped fibre, which arises from the combined
effects of cross-gain saturation and substantial homogeneous
line broadening. These factors significantly impact the active
gain medium and contribute to the observed competition
between two wavelengths (Ahmad et al., 2019). The dual-
wavelength output tends to lase at only the dominant
wavelength due to the polarisation hole-burning effect of
erbium-doped fibre (Zhang et al., 2012). In this situation, the
utilisation of a polarisation controller for the manipulation of
light's polarisation state and the prevention of homogeneous
broadening can bring in a transition to the prevailing
wavelength, where the fibre Bragg gratings serve as the
selector for the specific wavelength.

To analyse the performance of the dual-wavelength Q-
switched in comparison with other saturable absorbers, the
output characteristics based on different saturable absorbers

are listed in Table 1. As shown in the table, the obtained

results in this work are comparable with other saturable
absorbers reported in the literature in terms of pulse width,
repetition rate, signal-to-noise ratio (SNR), and input pump
power. In 2013, Liu et al. (2013) presented and demonstrated
the creation of a dual-wavelength Q-switched erbium-doped
fibre laser based on a single-wall carbon nanotube saturable
absorber. Chen et al. (2020) in 2020 conducted an
experimental study where they successfully developed a
single or dual-wavelength switchable and tunable passively
Q-switched erbium-doped fibre laser based on a
semiconductor saturable absorber mirror (SESAM). The
experimental setup utilises a birefringent Sagnac loop mirror
that combines the gain spectrum enabling the laser to operate
in tunable and switchable single or dual-wavelength states.
The system exhibits a simultaneous oscillation at two
different wavelengths, particularly 1556.84 nm and 1562.11
nm, with a separation of 5.27 nm between the two
wavelengths. In the same year, Zalkepali et al. (2020)
employed a pulsed fibre laser with an indium-tin oxide as a
saturable absorber on a fibre ferrule which was fabricated via
direct current magnetron sputtering. The purpose was to
produce a dual-wavelength erbium-doped fibre laser at peaks
of 1532 and 1533 nm, which could be switched on and off.
Subsequently, Najm et al. (2023) generated a stable dual-
wavelength output using a molybdenum titanium aluminium

carbide. The laser operated at wavelengths of 1531.6 nm and

1557 nm and achieved a signal-to-noise ratio of 70 dB.
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Table 1. Comparison performances of dual-wavelength Q-switched with previous works.

Saturable Fabrication Min. Max. SNR Wavelength (nm) Input Ref.
absorber pulse repetition (dB) pump
material width rate Short Long power
(ns) (kHz) region region (mW)
Single-wall Chemical 2.6 66.2 - 1532 1558 108 (Liu et
carbon vapour (1532 al., 2013)
nanotube deposition nm)
3.3
(1558
nm)
SESAM - 2.01 58.57 49 1556.84 1562.11 300 (Chen et
al., 2020)
Indium tin DC 6.8 36.3 65.68 1532 1533 118.10 (Zalkepali
oxide magnetron etal.,
sputtering 2020)
Molybdenum  Mechanical 2.7 126 70 1531.6 1557 167 (Najm et
titanium exfoliation al., 2023)
aluminium
carbide
Spider silk Mechanical 9.45 25.67 39 1550 1560 151.40 This work
exfoliation
IV. CONCLUSION V. ACKNOWLEDGEMENT

In this work, spider silk as a saturable absorber was
successfully sandwiched between the surfaces of the fibre
ferrules as well as fibre Bragg gratings were inserted in a ring
cavity to help generate a dual-wavelength Q-switched fibre
laser. The laser has the capability to function in dual and
switched to dominant wavelength Q-switched fibre laser
modes, which can be easily switched by precisely adjusting
the polarisation controller. A dual-wavelength Q-switched
fibre laser operating at 1550 nm and 1560 nm have been
successfully developed. The laser achieves a repetition rate of
26.63 kHz and 24 kHz, with the pulse width of 9.45 us and
10.47 us, respectively. These output parameters were
obtained at a pump power of 151.40 mW. Furthermore, it is
noted that the output signal exhibits no variation over time,
demonstrating stability with a signal-to-noise ratio of 41.12
dB and 34 dB at wavelengths 1550 nm and 1560 nm,
correspondingly. Our findings indicate that the combination
of a spider silk saturable absorber and fibre Bragg gratings
shows promise as a suitable option for a dual-wavelength Q-

switched fibre laser.
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