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ARTICLE INFO ABSTRACT

Keywords: In the field of pulsed fiber laser, graphene is a well-known two-dimensional (2D) material for its
Graphene excellent optical properties. An alternative approach to the existing method, graphene based
Chitin

filament originally intended for 3-dimensional (3D) printing was used as starting material.
Coupled with a newly introduced chitin nanofiber as the host polymer, it was demonstrated and
reported as passive mode locker at 2-micron region. The conventional soliton operated at oper-
ating wavelength of 1982.7 nm with repetition rate of 11.35 MHz. The produced average output
power, pulse width, time-bandwidth product (TBP) and signal to noise ratio (SNR) was 76.83 pW,
1.88 ps (HAC200), 0.416 and 43 dB, respectively. When the pulse was amplified with 5.4 dB of
Thulium doped fiber amplifier (TDFA), the average output power increased to 3.43 mW and
produced a broad operating wavelength around the 2-micron region. At the same repetition rate
of 11.35 MHz, the measured pulse width, SNR, pulse energy and peak power of 7.033 ps (pul-
seCheck 150), 42.0 dB, 0.30 nJ, and 42.98 W, are obtained, respectively. High power laser
operation in this region can find applications in medical field and sensors technology.

Mode-locker
Thulium doped fiber

1. Introduction

The ever-growing industries of multiple sorts have widely used fiber lasers for their relatively high output power and design
compactness. Besides its evident applications in laboratories worldwide, fiber lasers have been used for material processing such as
cutting and welding [1,2], medical diagnostics [3], as well as sensor system technologies [4]. Only made possible by the use of
rare-earth ions such as Ytterbium, Thulium, and Erbium as the gain mediums, fiber lasers have seen many achievements since they
were first invented in 1961 [5,6].

Eye-safe region in the range of 1600-2100 nm in particular is highly sought after for its wide range of applications ranging from
remote gas sensing to medical surgery [7,8]. The strong absorption lines of water particles at 2-micron region has made it expedient to
applications in medical field such as laser surgery, photo dermatology and tissue ablation [9]. The newest finding of its feasible ap-
plications in the telecommunication networks made possible due to its close bandwidth ranges to that of Erbium-doped fiber’s

* Corresponding author.
E-mail address: fauzan.kl@utm.my (F. Ahmad).

https://doi.org/10.1016/j.ijleo.2021.167710

Received 17 January 2021; Received in revised form 10 July 2021; Accepted 23 July 2021
Available online 30 July 2021

0030-4026/© 2021 Elsevier GmbH. All rights reserved.


mailto:fauzan.kl@utm.my
www.sciencedirect.com/science/journal/00304026
https://www.elsevier.com/locate/ijleo
https://doi.org/10.1016/j.ijleo.2021.167710
https://doi.org/10.1016/j.ijleo.2021.167710
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2021.167710&domain=pdf
https://doi.org/10.1016/j.ijleo.2021.167710

S.N.F. Zuikafly et al. Optik 245 (2021) 167710

telecommunication wavelength [10,11] has also contributed to its increasing marketability. Research on pulsed laser generations, in
particular, is still lacking in the 2-micron region compared to that of the matured telecommunication wavelength at 1.5-micron region.
Laser generation through passive Q-switching technique has been utilized tremendously owing to the simplicity and flexibility in
design that it can offer. Passive pulsed fiber laser generation requires a saturable absorber (SA) instead of using a bulky external control
element as intra-cavity modulator. On account of this preferable prospect, many materials have been investigated as SA materials,
ranging from black phosphorous, topological insulator, to metal nanoparticles [12-15].

Two-dimensional (2D) materials amongst other lower dimensional materials, despite of reports on their relatively low-damage
resistance and poor long-term stability [16] had proven to be excellent materials as SAs in fiber laser generations. Recent years has
shown a grown interest in the advantage of optical properties through the structural thinness offerable by 2D materials. 2D perovskite
nanosheets, for example, was reported to possess stronger saturable absorption and large modulation depth as compared to its bulk
counterpart [17,18]. Titanium disulphide, on another note, was also reported to possess strong light absorption properties, as well as a
remarkable electrical stability making it an excellent SA material to generate pulsed laser in the telecommunication region [13]. Part of
a group with broader range of bandgaps, antimonene has also gain attention for its excellent thermal conductivity and high carrier
mobility. It has also been reported to be particularly excellent in optical signal processing [14]. However, these materials, while has
been proven to generate ultrafast lasers in the telecommunication region, their flexibility in the medical safe wavelength are still
lacking in reports. Carbon based SAs, part of the 2D materials family, in particular, have long surpassed its predecessors in regards to
having lower saturation intensity, broadband operations, and speedy pulse recovery time [19,20]. Interestingly, within the carbon
family, graphene was found to have a much lower saturation intensity, high carrier mobility, and greater saturable absorption when
compared to that of carbon nanotubes [21], as well as higher damage threshold allowing for high power operation. In addition, the
gapless linear dispersion of Dirac electrons in graphene enables tunable operation without having to physically change the graphene
structure [22-24].

Graphene has been exploited in many ways in researches especially in the photonic field. Ultrafast fiber laser has seen graphene
with excellent SA potentials. In investigating so, graphene has been prepared through various means to ease its integration in laser
systems. Conventional method of producing graphene through mechanical exfoliation or atomic force microscopy (AFM) cantilever
was reported to successfully produce few-layer graphene. Nonetheless, the graphene was still produced with ~10 nm in thickness,
equivalent to 30 layer graphene [25]. Chemical vapour deposition (CVD) of graphene was first reported in an ultrafast fiber laser in
2009 [21] in which Bao et al. reported an atomic layer graphene based mode-locked fiber laser in the C-band region. Even supposing its
ability to produce graphene with low defects rate and good uniformity, graphene produced through CVD and solution method was
always burdened by the scrupulous yet necessary additional step of transfer process [26]. A simpler and more efficient method
introduced through optical deposition of graphene instituted a more efficient and safer way of handling graphene nanostructures [21].
However, deformation- and distortion-prone characteristic of 2D materials associated with optical deposition method of SA integration
was alarming. Martinez et al. [27] reported an improved performance of graphene SA through mechanical exfoliation method, a way
to physically obtain multi-layered graphene, as compared to using optical deposition method, with the advantage of being simpler and
having less time-consuming fabrication procedure. Nevertheless, this method is limited by the intricacies to control the size and
number of layers of the produced graphene flakes. Another graphene synthesis method is the graphitization of hexagonal silicon
carbide (SiC) crystals which involves high temperature of around 1500 °C as reported by Emtsev et al. which produced irregular
graphene layers with wrinkled surface and restricted mobility of graphene carriers [28]. Derivatives of graphene such as graphene
oxide (GO) and reduced graphene oxide (rGO) have also exhibited excellent optical properties. Unlike graphene, their hydrophilic
property owing to the oxidation process of graphene can serve a wider range of researches and applications. However, the fabrication
of GO and rGO involves a more complicated process and the use of hazardous material such as potassium permanganate (KMnO4)
requires the process to be done by an expert. Furthermore, the further reduction process of GO to produce rGO added to the complex
process was proven to serve little to no effect to its performance as an SA [29].

In addition, it is found that many of the reported mode-locked lasers of carbon based SAs in the two-micron region required
additional component, i.e. polarization controller (PC) to help initiate mode-locking operation. Wang et al. [30] reported a CVD
graphene grown on copper foils based SA in a mode-locked laser yielding a shortest pulse width of 3.8 ns with the aid of a narrow-band
fiber Bragg grating and a PC. GO based mode-locker in the 2 ym region was also reported oscillating at 1920.8 nm with a pulse duration
of 1.14 ps [31]. Ahmad et al. [32] reported an rGO and titanium dioxide (TiO2) based SA to produce a soliton mode-locking by
evanescent field interaction and PC adjustment. A carbon nanotube film based SA with a high pulse energy of 26.8 nJ was reported by
Wang et al. [33]. The ring cavity employed two PCs to aid the mode-locking operation of the laser. This work demonstrated a soliton
mode-locking based on a graphene-chitin SA with comparable shortest pulse width and high output power as compared to similar
works using carbon based materials as SAs. The soliton was also yielded at a significantly lower pump power, with high stability.
Sharbirin et al. [34] reported a mode-locked thulium doped fiber laser (TDFL) using Mach-Zehnder interferometric filter at a much
higher threshold input pump power of 150.4 mW.

Graphene as SAs has been prepared by mixing it in a host polymer matrix for easier in-cavity integration. Researchers have often
opted for polyvinyl alcohol (PVA) in SA fabrication procedures [35-38]. As compared to other synthetic polymer such as polyethylene
oxide (PEO), PVA has a higher melting point of around 180 °C [39] which is vital in pulsed laser generation. Besides PVA and PEO,
polymethylmethacrylate (PMMA), polystyrene (PS) and polycarbonate (PC) among many others have been used with the same pur-
pose. CVD graphene on PMMA as SA has been reported to produce mode-locked lasing operation with 1.2 ps pulses [40]. Despite the
many choices of polymers on the market, PVA and cellulose derivatives are preferred for their affinity towards concentrated graphene
aqueous solution which is better for optical density with lower non-saturable absorption losses [41]. A graphene in PVA host polymer
was reported to yield a mode-locked Thulium-Ytterbium do-coped fiber laser (TYDFL) with pulse width and pulse energy of 52.85 ps
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Fig. 1. (a) peeled graphene-chitin film with inset: graphene-chitin attached to the end of fiber ferrule, and (b) thickness measurement.

and 1190.5 pJ, respectively [42]. Another was reported by Zhang et al., [43] producing a repetition rate and output power of 6.46 MHz
and 2 mW, respectively.

Chitin nanofiber (ChNF), fabricated from chitin, an alternative bio-host polymer is newly introduced in this work. Chitin
(CgH1305N),, was first discovered in 1811 [44], and has since been used for many applications such as in medicine, manufacturing
industries, and wastewater treatment [44,45]. ChFN was derived from the fungal origin and more hydrophobic due to its acetylated
nature. This can help in hydrophobic graphene distribution (minimize agglomeration) and made percolation network already possible
in minimal graphene concentration. Other than that, ChFN is resistant and durable towards higher acidity and harmful environment,
making it practical for the production of films to use in a higher power and temperature laser operations, a solution of which current SA
is facing where the performance of the SA is limited by their host polymers lower heat resistance. With this advantage, chitin is used in
the SA fabrication process to produce a graphene-ChNF based SA for pulsed laser generation. In telecommunication applications
specifically, a polymer with C-F overtones with low absorption losses at the desired wavelength is better in terms of stability [41]. This
biological based material is chosen as an alternative to current conventional synthetic host polymers due to its competitive production
cost, non-toxicity, water solubility, compatibility with nanomaterials, biodegradability and bioadsorbability [46]. Produced from
natural resources such as plants and shells, large scale production of ChNF at low cost is highly feasible. Although chitin is no stranger
in agricultural, material, and biomedical research, optical communication [47-49] has not dipped its toes into this novel material until
recently when we first reported its use in the generation of a Q-switched pulsed fiber laser in the 1.5 um region [50].

In this work, ChNF has been applied as host polymer to produce graphene based SA to produce a mode-locking operation in the 2.0
um region. The ChNF was derived from mushrooms and combined with graphene based 3D printer filament. The TDFL yielded a lasing
operation with a repetition rate and pulse width of 11.35 MHz and 7.033 ps, respectively. A high peak power was also obtained at
42.95 W. The use of ChNF in this work will contribute to a more sustainable and environmental friendly option for host polymer
materials, especially in the optical communication research field.

2. Material preparations

The graphene used in the SA fabrication was obtained using a commercially available conductive graphene polylactic acid (PLA)
filament which is marketed for 3D printing purposes (https://www.blackmagic3d.com/) with composition (weight %) of Graphene
Platelets (30-40%), Polylactic acid (25-35%), Tris(nonylphenyl) phosphite (TNNP)(5-10%) and carbon fibers (5-10%). The
graphene-PLA based filament is in black color with volume resistivity of 0.6 ohm-cm, diameter of 1.75 mm and size: 100 g, was used as
per received. In order to reduce the fabrication time, the filament was extruded through a 3D printer nozzle of 0.4 mm at 210 °C to melt
the plastic additive and to reduce the diameter of the filament to 400 pm. This was to ensure the graphene filament can be easily
dissolved in the next step. The 25 mg weighed extruded filament was then mixed with 1 mL of tetrahydrofuran (THF). This allows for
plastic component on the filament, the PLA, to dissolve thus disintegrating the graphene component, producing graphene in THF
suspension. An even dispersion of the graphene-THF suspension was ascertained through a 20 min of ultrasonic bath.

The host polymer, chitin nanofiber (chitin), was prepared as per reported in [51] through the extraction of oyster mushrooms
(Pleurotus Ostreatus). The mushrooms were blended for 5 min before undergoing hot water extraction at 85 °C. After 30 min, the
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Fig. 2. FESEM image of the (a) standalone chitin and (b) fabricated graphene-chitin SA.

700
2D-Band:
z . 2889.38 cm™!
=
§ D-Band: : G-Band:
- 680 1136.77 cm™ 1473.85 cm™
@)
e
£
Z
=
2
=

700 1200 1700 2200 2700 3200
Raman Shifts (cm™)

Fig. 3. Raman spectrum of the graphene-chitin SA.
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Fig. 4. Twin-balanced detector measurement setup.

mushroom tissue underwent alkali treatment (1 M NaOH) at 65 °C for three h. The extracted tissues were diluted to 0.8% w/v con-
centration and kept stable in diluted state at 4 °C until further use.

Consecutively, the graphene filament suspension was mixed with the chitin in 1:1 ratio. The mixture was placed in an ultrasonic
bath for 1 h to ensure even dispersion of graphene in the biopolymer matrices. Then, 5 mL of the graphene in the biopolymer matrices
was poured in a circular shape plastic petri dish with diameter of 32 mm and 10 mm height, and left to dry in ambient temperature for
36 h, producing a free standing graphene-chitin film SA as shown in Fig. 1(a). The thickness measurement as shown in Fig. 1(b) was
done using a 3D measuring laser microscope (Olympus, LEXT OLS4100). The uniform cross section at the red-highlighted section at
which the average height was measured is shown in Fig. 1(b). The height indicated in the figure depicted the film thickness, which was
recorded at around 49 um.

3. Material characterizations

The fabricated graphene-chitin SA was characterized using Raman spectroscopy (Renishaw, inVia) and Field Emission Scanning
Electron Microscopy (FESEM) (JEOL, JSM-7800 F). Fig. 2 shows the surface morphology and dispersion state of the graphene-chitin
based SA. The structural shape of the material that made up the sample, such as in porous, tubes, flakes or other forms can be observed
here. In this case, it is believed that the graphene existed in particle form and was well dispersed in the chitin polymer matrices. In
Fig. 2(a), the agglomeration of the fibrous nature of chitin can be seen as a result of the chitin drying process and comparing it to the
graphene-chitin film in Fig. 2(b), it can be seen that the flake-like structure is caused by the chitin itself. No visible separation of the
graphene and the chitin host polymer is visible from the FESEM image, indicating that graphene is well-dispersed. Higher accelerating
voltage could be applied to get a more detailed image of the graphene particle but it is found that the charging effect affected the
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Fig. 6. UV-Vis-NIR absorption spectrum of graphene-chitin.

quality of the image at this point. The FESEM image also shows that the fabrication process was free of any surfactants that can
negatively affect the non-saturable loss of the SA. Additionally, no air holes or bubbles were observed indicating a good uniformity of
the fabricated graphene filament based film. The SA exhibited an eminent Raman peaks at around 1473.85 cm ™}, 1136.77 cm ™, and
2889.38 cm ™! of G-band and D-band, respectively, with Ip/I ratio of approximately 1.0 as shown in Fig. 3. The ratio of Iyp/Ig was
around 1.02 indicating a multilayer graphene [52]. Both bands agree to the defining Raman features of pristine graphene [53].

A twin-balanced detector setup as illustrated in Fig. 4 was used to measure the nonlinear optical response of the graphene-chitin SA.
The mode-locked seed was sourced from a 1950 nm Toptica (FemtoFErb) femtosecond laser with pulse width and repetition rate of 100
fs and 30 Mhz, respectively. The mode-locked laser source was connected to a variable attenuator after which its beam is split through a
3 dB optical coupler. One of the two port of the 3 dB coupler is then connected to the graphene-chitin SA and another, directly to the
optical power meter (OPM) to act as the reference port.

The output powers from the detectors with and without the graphene-chitin SA was recorded through OPMs as the attenuation
value was decreased gradually.

The absorption rate was then calculated and fitted using the following equation [54],

as

Absorption  rate, a(l) = T T

where a(I) is the absorption rate, og is the modulation depth, I is the input intensity, I is the saturation current and oy is the non-
saturable absorption.

As shown in Fig. 5, the measured modulation depth of the SA at 2-micron region was approximately 18.56% though a higher value
is attainable with increased graphene raw material during fabrication process with the expense of higher saturable losses. However,
with multi-layered graphene knowingly reported for its low modulation depths [55,56], the obtained value is considered high. The
saturation intensity was measured at 0.055 MW/cm? with a calculated non-saturable loss of around 81%. Aside from the structure of
the graphene-chitin SA itself, the low saturation intensity may be affected by the recombination time, pump pulse shape and pulse
duration owing to the twin detector technique used for nonlinear measurement [57].

Fig. 6 shows the UV-vis-NIR absorption spectrum of the fabricated graphene-chitin film composite. The characterization was
performed by using a Perkin-Elmer Lambda 750 UV-Vis-NIR spectrometer with 5 nm data interval. The maximum absorption of 21%
was recorded at 2000 nm, indicating graphene with an approximate of 9 layers which agrees with the Raman’s Iyp/Ig ratio. Visible
absorption can be observed throughout the short wave infrared region thanks to the zero bandgap property of graphene which
contributed to its wideband absorption ability. The steady and continuous absorption of maximum 42% throughout the near infrared
region was higher that several reported absorptions of graphene based SAs [58-60].
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Fig. 7. Experimental setup of the mode-locked TDFL.

4. Experimental setup

Fig. 7 shows the experimental setup for the mode locked TDFL using graphene-chitin. The setup in Fig. 7 represents two variations
of the same setup, in which a thulium doped fiber amplifier (TDFA) as shown in Fig. 7(b) was introduced in the latter part of the
experiment in order to obtain a higher output power. The higher output power allows for the measurement of pulse width using a 2-
micron autocorrelator (pulseCheck 150).

The all fiberized TDFL was configured in a ring cavity to ensure continuous light oscillations. The cavity was pumped from a pair of
1550 nm laser diode (LD) in forward pumping configuration. Besides allowing for a higher power output [61], the pumping scheme at
1550 nm at the gain medium enabled for a shorter cavity length due to the lower chance of signal reabsorption [62]. This is partic-
ularly consequential to mode-locking operations [63]. A 90/10 optical output coupler was also placed after a 2000 nm isolator in the
laser cavity to keep 90% of light oscillating while the 10% of the signal was used for optical measurements. The SA was integrated in
the cavity by interposing a small cut (2 mm x 2 mm) of the fabricated graphene-chitin film in between the fiber ferrules of 2.5 mm in
diameter via a fiber connector. The output signal was measured through an optical spectrum analyzer (OSA)(Yokogawa AQ6375), an
oscilloscope (OSC) (Rohde&Schwarz RTM3002), a radio frequency spectrum analyzer (RFSA) (Rohde&Schwarz FPC1000), and an
optical power meter (OPM) for its wavelength distribution, temporal analysis, signal-to-noise (SNR) ratio, and output power,
respectively. An 818-BB-51 F Newport InGaAs based 12.5 GHz photodetector was also used to allow for the conversion of optical to
electrical signal when using the OSC and RFSA.

The low peak power obtained, as discussed later, was typical in picosecond pulse train. A higher gain in order to increase the laser’s
output power can be procured without the risk of uncurbed gain narrowing [64]. In order to measure the pulse width by using
2-micron autocorrelator (pulseCheck 150) a TDFA (Keopsys) was incorporated in the laser cavity to amplify the signal. By inserting the
amplifier in the fiber laser cavity, the signal was amplified to 5.4 dBm resulting in enhanced output power of 3.43 mW.
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5. Results and discussions
5.1. Mode-locked TDFL

The mode-locking operation of the thulium-doped laser self-started at the pump power of 76.2 mW. The operating spectrum of the
mode-locked TDFL is as shown in Fig. 8. The laser operated at 1982.7 nm with an output power of —30.1 dBm and a 3 dB spectral
bandwidth of approximately 2.9 nm. Two pairs of Kelly sidebands can be observed at the shoulder of the soliton mode-locked spectra
indicating laser operation in an anomalous dispersion regime. These bands formation is mainly due to the linear effect perturbation of
the cavity’s anomalous group delay dispersion (GDD) as well as the nonlinear effect of the self-phase modulation (SPM) [65]. The
change in the soliton’s phase and dispersive wave at certain wavelengths then caused the formation of the sidebands [66]. The
asymmetrical Kelly sidebands are attributed to the effect of four-wave mixing (FWM) in the resonant fiber laser cavity [66,67]
contributing to the strong CW background while other work had also reported of such case correlating it to the nonchirped zero
frequency pulse [68]. This soliton mode-locked operation is managed solely by the modulation of resonator loss by the SA itself,
dissimilar to a vector soliton [69] in which an addition of a polarization controller is needed to create a ‘noise-like’ pulses containing
combinations of multiple pulse components with various pulse width and intensity [64]. These sidebands can cause instabilities
causing a negligible spike in CW. However in the case of its operation being too close to the wavelength range where the laser is above
threshold, it could cause exaggerated jump in pulse energy. A recent report by Wang et al., demonstrated the use of nonlinear Fourier
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transform to separate the resonant CW background which helped in obtaining pure solitons [67].

The output pulse train was recorded in Fig. 9 with pulse-to-pulse separation of 88 ns corresponding to 11.35 MHz of repetition rate.
The repetition rate agrees with the overall cavity round trip length of around 18 m. The slight amplitude modulation is due to the
competition between the longitudinal mode-locked supermodes which were not able to be phase locked [70]. Aside from the
mode-locked regime obtained in this experiment, we did observe potential Q-switching operation but the lasing was too unstable to be
recorded. This is attributed to the phase locking phenomenon of different modes of frequencies occurring as the light incident on the SA
material. Q-switching instabilities are due to the difference between the decay rate of the cavity’s population inversion and the field
envelope which causes low frequency of relaxation oscillation [71]. Proper calculation of the laser and resonator parameter can aid in
eliminating or significantly reducing if the Q-switching instabilities are found to be unwanted [72].

The generated average output power was around 76.83 uW, which was low resulting in immeasurable pulse width when using 2-
micron autocorrelator (pulse check150) which requires the minimum average output power of 1 mW. As an alternative, the pulse
width was measured using HAC 200 (Alnair) autocorrelator. Fig. 10 displays the second harmonic generation (SHG) autocorrelation
trace (HAC 200, Alnair), with the trwy of 2.91 ps which resulted in the calculated pulse width of 1.88 ps (tpwum/1.54), comparable
to the reported works by Sobon et al. [40] and Yang et al. [73] in which both yielded 1.2 ps, when using CVD graphene and graphene
on microfiber, respectively, and better than other reported mode-locked in the 2.0 pm region [65,74,75]. However, our pulse is not
transform-limited. The sech? fitting indicating the generation of the soliton pulse is also included in the figure. The autocorrelation
trace revealed that the experimental result followed the sech? fitting closely, with accompanying satellite pulse due to the nonlinearity
effect in the laser cavity which has also been reported in a mode-locking based on copper oxide [76]. The calculated time-bandwidth
product (TBP) was around 0.416, close to the expected transform limited value of 0.315 which is the standard temporal profile of sech?
pulses. The calculated TBP indicated the existence of chirp pulses. Due to weak absorption characteristic of graphene due to its low
modulation depth, graphene has limited applications in specific wavelength while facing difficulties in generating ultrashort pulses,
explaining the lack of reported works on mode-locked graphene in the 2-micron region [77]. However, this work reported a graphene
based SA with a more desirable modulation depth, producing short pulse duration, despite the additional non-saturation loss. The
measured pulse energy and peak power is 6.7 pJ and 3.56 W, respectively.

Fig. 11 shows the radio frequency spectrum analyser (RFSA) trace for signal to noise ratio measurement with the span of 100 MHz.
The recorded first beat note of SNR at 11.35 MHz was around 43 dB without any intensity fluctuation up to 7th harmonics. The
obtained value of the SNR is quiet low if compared to other reported SNR for graphene based SA for two micron application such as
50 dB, 61 dB, and 50 dB [78-80]. The first contributing factor is the starting material of conductive Graphene PLA filament, which
consist of 30-40 wt percent of Graphene platelets, which can be considered as multi layers graphene. The multi-layer graphene absorb
more percentage of light compared to single layer or dual layers graphene, thus lower SNR value. Another factor is directly correlated
to the low optical power which impinged the photodiode which causes the conversion of current to voltage to be done with some
reverse bias. Despite the lower SNR value as compared to other mode-locked operation in the same region, the generated pulse was
stable with very low noise level, requiring no averaging of the signal bandwidth. Higher than the minimum 30 dB is an indicator of a
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stable pulse, since it means that the signal obtained is at least 1000 times stronger than the noise [81], the pulsed laser generation is
also tested for its long term stability for an hour, showing no major fluctuation.

5.2. Mode-locked TDFL with TDFA

The insertion of the TDFA in the laser cavity is to increase the output power in order to use the designated autocorrelator for 2-
micron region which is pulseCheck 150 (APE) autocorrelator. The autocorrelation trace of the 1.88 ps pulse for laser cavity
without TDFA is carried out by using HAC 200 (Alnair) autocorrelator which is basically designed for wavelength operation at 1.5 pm.
The generated average output power from the laser cavity without TDFA was around 76.83 uW, less than the minimum input power
required to operate the pulseCheck 150 (APE) autocorrelator which is around 1 mW. This step is to justify the data collected during the
experimental works is by using the appropriate equipment.

By inserting the TDFA, the pulse was amplified with 5.4 dB of TDFA, increasing the average output power to 3.43 mW. The
resulting soliton formation is as shown in Fig. 12 where considerable loss can be seen from the wavelength shifting of the soliton with
the —3 dB spectral bandwidth of 20.4 nm and the parasitic bands with broadened spectra. In spite of the additional equipment (TDFA)
used, the mode-locked pulse train was kept stable with slight pulse shape modification, as shown in Fig. 13. The recorded pulse
separation was at 88 ns, same as the pulse separation without TDFA, due to energy quantization.

The pulse width was then measured using a pulseCheck 150 USB second harmonic generation (SHG)-based autocorrelator. The
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sech? profile in Fig. 14 indicated a pulse width of 7.033 ps. The stability of the mode-locked operation was slightly increased to an SNR
ratio of 42.0 dB as depicted in Fig. 15. The measured pulse energy and peak power were at 0.30 nJ and 42.98 W, respectively.

6. Conclusion

A mode-locked thulium-doped fiber laser based on a passive SA is demonstrated. A 3D printer filament was successfully composited
with a chitin based bio-polymer and fabricated into a saturable absorber. The graphene in chitin SA successfully produced a lasing
scheme with a stable pulse train at 11.35 MHz with the measured pulse of 1.88 ps without TDFA and 7.033 ps of amplifies pulse with
insertion of TDFA. The proposed mode-locked pulsed laser in the 2-micron region can find copious use in high precision applications
especially in medicine and biomedical applications, while the use of a naturally derived host polymer can prove beneficial, envi-
ronmental-wise.
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