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ABSTRACT

Recent years saw low-dimensional carbon nanostructures like graphene as excellent saturable absorber (SA) for its unique electric
and optical properties. Graphene exhibits ultrafast recovery times and high damage thresholds and can be manufactured by
relatively simple methods. In this work, graphene was synthesized using the electrochemical exfoliation (ECE) method. Chitin
biopolymer was used to develop graphene-based SA as a more environmentally friendly alternative to conventional synthetic
polymers. The fabricated passive SA was then integrated into Thulium-Holmium-doped fibre laser (THDFL) in ring cavity for pulsed
laser generation via Q-switching. The optical and physical properties of the graphene-based SA were characterized using Raman
spectroscopy, field emission scanning electron microscopy (FESEM) and energy-dispersive x-ray spectroscopy (EDS). Q-switched
pulse was successfully demonstrated using the fabricated graphene SAs. ECE graphene-chitin SA generated a Q-switched pulse
region at 2 um with the repetition rate and shortest pulse width of 67.78 kHZ and 10.03 ps, respectively. The signal-to-noise ratio
(SNR) values obtained was 40 dB indicating high stability of the pulse laser-generated. This study demonstrated the potential of
graphene embedded in chitin biopolymer as a sustainable and environmentally friendly SA for a wide range of applications,
particularly for pulsed fibre lasers.
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1. Introduction

Recently, discovering new materials to act as SAs for passive Q-switching applications in fibre
lasers has piqued interest. Significant research has been conducted in this regard to develop a less
expensive and less complex alternative to the use of SESAMs for passive Q-switching [1]. Recent years
saw low-dimensional carbon nanostructures like carbon nanotubes (CNTs) and graphene as excellent
SAs for their unique electric and optical properties [2]. Graphene has ultrafast and slow recovery from
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saturation and they exhibit fast and slow saturation recovery [3]. The stability, cost, and properties
of graphene are strongly influenced by the fabrication processes. Various fabrication techniques have
been developed since the first successful fabrication of 2D graphene from its bulk form using a
mechanical exfoliation (ME) method using scotch tape [4]. ME is a straightforward yet approachable
method for producing high-quality monolayers or few-layer graphene by repeatedly exfoliating bulk
crystals with adhesive tape. However, there are obvious drawbacks: it’s extremely low output/yield
and uncontrollability are not suitable for large-scale production or applications [5,6]. Chemical
vapour deposition (CVD), as compared to ME, produces less damage [7]. The CVD method produces
a more uniform material on a better-quality substrate than the ME. However, flake transfer requires
a hot substrate temperature and is more complex and costly [8]. Toxic liquids and polymers make
this method's etching challenging.

Due to the disadvantages of these fabrication techniques, this paper proposes an approach for
producing graphene-based SA via an electrochemical exfoliation technique. Graphene-based SA
fabrication can be accomplished at room temperature with simple and efficient procedures using
minimal apparatus and materials. Graphene generated via the electrochemical exfoliation process
was homogenized with a host polymer to facilitate integration into the laser cavity. Although
polyvinyl alcohol (PVA), polymethyl methacrylate (PMMA), and sodium carboxymethyl cellulose (Na-
CMC) biopolymer composites were frequently used as the SA film host polymers, these materials
have several drawbacks, such as Na-CMC's susceptibility to moisture and the low glass transition
temperatures of PMMA (105°C) and PVA (85°C), which limit the thermal stability [9].

Given its biochemical properties, including biodegradability, non-toxicity, biocompatibility, and
the capacity to form films, chitin biopolymer is an alternative to the synthetic host polymer [10,11].
Additionally, chitin is tough and durable in high-acidity and harmful environments, making it useful
for producing films that can be used in high-power and high-temperature laser operations. This has
been a problem for existing SAs since the performance of the SA is often constrained by the host
polymer’s low heat resistance. This advantage has prompted the use of chitin in the fabrication of
CNT-chitin-based SAs for pulsed laser generation [12]. Even though graphene-based SAs have been
extensively studied, their passive mode-locking and soliton-generating capacity in a wavelength 2 um
region of the short-wave infrared has yet to be fully explored.

Therefore, an electrochemical exfoliation (ECE) graphene embedded with chitin biopolymer
composite SA was fabricated and incorporated in thulium-holmium doped fibre lasers (THDFL) and
its pulse fibre laser performance is investigated.

2. Methodology
2.1 Fabrication of SA Films

The graphene flakes produced through the electrochemical exfoliation process of graphite rods.
Two electrodes of graphite will be placed 1 cm apart in a beaker containing an electrolysis cell with 1
% of sodium dodecyl sulphate (SDS) in de-ionized (DI) water). Surfactant is used for its capacity to
prevent the agglomeration of the exfoliated graphene. The stress induced by the intercalation of
large sulphate ions into the anode weakens the graphene layers' bond, assisting in the exfoliation of
the graphene. The electrodes was supplied with a decomposition potential of 20 V. The electrolysis
of water at the electrodes is expected to induce the production of oxygen and hydroxyl radicals which
will eventually cause the graphene to loosen the graphite rods. The chemical reactions involved are
shown in Eq. (1) and Eq. (2) [13]
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H20 > OH +H* (1)
CH3(CH2)110503N3 - CH3(CH2)11OSO3Jr + Na* (2)

The hydrogen and oxygen gas were encapsulated within microbubbles with the presence of SDS
in electrolyte and assisted in exfoliating the graphite, producing the graphene flakes. The exfoliation
process was continued for 2 hours to attain a stable graphene solution in the SDS solution. The stable
graphene solution was then centrifuged at 1000 rpm for 30 minutes (SIGMA 4-5L benchtop
centrifuge). Then the supernatant of the graphene suspension was decanted due to the size of
graphene flakes, making it easier to bind homogeneously within the host polymer matrices for
fabrication of the saturable absorber.

The preparation of the chitin polymer was performed following the procedure of Nawawi et al.,
[14]. Pleurotus ostreatus mushrooms were thawed and rinsed with distilled water for 5 min to
remove any observable contaminants. After rinsing three times, the mushrooms were blended for 5
mins using a commercial kitchen blender. An extraction process was performed using hot water at
85°C for 30 mins to remove any water-soluble components. Excess water containing soluble
components was then removed by centrifugation, and the residual mushroom cake was soaked in 1
M NaOH to remove protein, lipid and alkaline-soluble polysaccharides, re-centrifuged to remove
excess solids, and diluted in water (0.8% w/v) before being stored at 4°C for further use.

To prepare the ECE graphene-chitin SA, the graphene flakes suspension was mixed with the chitin
in one-to-four ratio (25%: 75%) to sum up to 5 ml. The 5 mL amount was chosen as the amount is
suitable for the circular petri dish with a 3.5 cm diameter and 1.0 cm height. This resulted in a strong
and sturdy film with a thickness of around 30 um to 50 um which makes it easier for the SA to be
peeled off later. The mixture of ECE graphene, with chitin, was ultrasonicated for 60 mins to ensure
that the ECE graphene was evenly dispersed in the chitin. The mixture was then transferred to a petri
dish and left to dry for 48 h at room temperature, resulting in a free-standing graphene-chitin-based
SA film as shown in Figure 1.

Fig. 1. ECE graphene-chitin film

2.2 Experimental Setup for Fibre Laser Generation

The experimental setup for the Q-switched thulium-holmium-doped fibre laser (THDFL) is
depicted in Figure 2. Two laser diodes (CLD1015, Thorlab) with 1550 nm centre wavelengths were
used to pump the gain medium, which was a 1.5 m thulium-holmium doped fibre (THDF). To maintain
unidirectional laser operation, 1550 nm polarization-insensitive isolators (PI-ISO) were placed at both



Journal of Advanced Research in Micro and Nano Engineering
Volume 11, Issue 1 (2023) 1-14

ends of the amplifier section. A 1550/2000 nm WDM was placed after each 1550 nm PI-ISO to guide
the 1550 nm pumped light to the gain medium. A 2000 nm PI-ISO was placed after the WDM to allow
the light to propagate only in the clockwise direction. The free-standing SA (1 mm x 1 mm) was then
sandwiched between two fibre ferrules inside a fibre connecter/physical contact (FC/PC) to act as
passive Q-switcher. The propagated light was then extracted from the cavity using a 90/10 optical
coupler. The THDFL cavity consisted of a 13 m single-mode fibre laser (SMF) and 1.5 m of THDF. The
output signal was measured using a 500 MHz digital oscilloscope (DLM 2054, Yokogawa) with a 12.5
GHz InGaAs photodetector (818-BB-51F, Newport), an optical spectrum analyzer (OSA) (AQ6370,
Yokogawa) with a resolution of 0.2 nm, an optical power meter (OPM) (PM100USB, Thorlabs), an
autocorrelator (PulseCheck 150, APE), and a radio frequency spectrum analyzer (RFSA) (FSC 6, Rohde
& Schwarz). This equipment was used to measure the pulse train, operating wavelength, output
power, pulse width and signal to noise ratio (SNR) of the generated pulse, respectively.
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Fig. 2. Experimental setup of THDFL
2.3 Structural Characterization

Field emission scanning electron microscopy (FESEM) analysis was performed to observe the
surface morphology of the fabricated samples. FESEM analysis was performed using FESEM (JSM-
7800F, JEOL). Before performing FESEM analysis, the fabricated samples were coated with platinum
using auto fine coater (JEC-300FC, JEOL). Coating of samples is required to reduce thermal damage,
enhance secondary electron emission and prevent charging of the specimen, which would otherwise
occur due to the accumulation of the static electric field. It happens mainly for non-conducting or
beam-sensitive samples.

Figure 3 shows the FESEM images of ECE graphene with and without host polymer chitin. Figure
3(a) shows the FESEM image of ECE graphene in bundled form. Meanwhile, Figure 3(b) shows a
thoroughly mixed ECE graphene in chitin polymer with a smooth surface and low aggregation. There
are no obvious air holes or bubbles in the polymer films, which indicates the excellent uniformity of
the fabricated SA.
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Fig. 3. FESEM image of (a) ECE graphene, (b) ECE graphene-chitin

The composition of the ECE graphene with and without the host polymer was evaluated using
EDS as shown in Figure 4 (a)-(b). The element composition for each sample is shown in the inset of
Figure 4 (a)-(b). The presence of carbon (C) and oxygen (O) elements confirmed the existence of ECE
graphene, meanwhile, sodium (Na) and sulphur (S) elements are from the SDS solution during the
fabrication process which shows by their lower weights’ percentage. The presence of all these
elements confirmed that the fabrication of ECE graphene is successful. The existence of the platinum
(Pt) element is due to the sample being coated before the FESEM analysis.
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The thickness of the fabricated SA is then measured by a 3D measuring laser microscope (LEXT
OLS4100, OLYMPUS). Figure 5 shows the 3D laser images taken from ECE graphene embedded with
chitin host polymer. The measurement was taken at three distinct points on the films and the average
thickness was shown in Figure 5. The film thickness was reported at ~ 72.05 um, nevertheless, a
thicker film means more absorption due to graphene loading thus it takes a longer time for the SA to

(b)

Fig. 4. EDS spectrum of (a) ECE graphene, (b) ECE graphene-chitin

bleach and thus the repetition rate fibre laser is usually lower [15].
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Fig. 5. ECE graphene-chitin film’s thickness
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2.4 Raman Measurement

Figure 6 shows the Raman spectrum representing the vibrational properties of the fabricated
graphene SAs, obtained via Raman spectroscopy (Witec, Alpha 300R) through a 488 nm laser source
at room temperature. Raman spectroscopy was performed with graphene samples to determine the
guality of the epitaxial graphene as well as to confirm the number of graphene layers. The signature
of D and G of graphene were observed in 1136 cm™ and 1587 cm™ for ECE graphene-chitin which
confirm the low defect content in the graphitic structure.

Raman signature of single-layer graphene includes most of the features that exist within all
carbon-based materials such as graphite, CNT, GO and rGO. For example, the Raman signature of
single-layer graphene contained two distinct features that one cannot see in even two-layer. The first
one is the small upshift of about 5 cm™ of the “G” peaks and the second is the improvement that
happens in the graphite shoulder peak to second order “D” peak [16]. The “2D” band at 3089 cm'?
and 2882 cm™, which originates from a two-phonon double resonance Raman process and is
indicative of crystalline graphitic materials, are highly sensitive to the number of graphene layers and
has been utilised to distinguish the single-layer from few-layer graphene [17].
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Fig. 6. Raman spectrum of ECE graphene-chitin SA
2.5 Nonlinear Optical Measurement

The nonlinear optical properties of the ECE graphene-chitin SA were then measured using power-
dependent absorption measurement. The nonlinear properties of SAs were measured using a twin
detection method. A commercial Toptica FemtoFerb 1950 fs laser was utilized as the laser source for
the 2.0 um region with a centre wavelength of 1950 nm, a fundamental frequency of 30 MHz, and a
pulse duration of 100 fs. During the measurement, the light source was connected to the optical
attenuator to attenuate the incoming signal. The output was then split using a 3-dB optical coupler
in which one of the ports was connected to the SA and another to an optical power meter (OPM) as
a reference. The output power of both of the detectors was recorded using OPMs as the attenuation
value gradually decreased. Figure 7 shows the measurement setup for the modulation depth at the
2 um wavelength. The power-dependent absorption measurement was then calculated and fitted
using Eq. (3.2) [18]

a(l) = —2+ ay (3)
1+ —

Isat
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where af(l) is the intensity-dependent absorption coefficient, and ao, ans, and Is.: are the saturable
absorption (modulation depth), non-saturable absorption and saturation intensity, respectively.

With SA
OPM A

50:50 coupler .
OPM B Toptica FemtoFerb

Variable Optical 1950 fs laser

Without SA Attenuator

Fig. 7. Nonlinear optical measurement setup

Modulation depth for ECE graphene-chitin was calculated as 9.7% as shown in Figure 8,
respectively. The modulation depth obtained by graphene in this work is smaller than the modulation
depth obtained by Wang et al., where the modulation depth is 40.27% [19]. The large modulation
depth SAs were prepared through the CVD method. The high value of non-saturable losses is
attributed to the residual absorption of amorphous carbon, metal catalysts, and graphene is not
resonant with the incident light. In addition, scattering from the residual bundles and unevenness of
the surface of the sample may also lead to an increase in non-saturable loss, which could weaken the
performance of a mode-locked laser due to a higher threshold and lower output [18,20].
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Fig. 8. Non-linear measurement of ECE graphene-chitin SA

3. Experimental Results

Figure 9 shows the optical spectrum trace without and with saturable absorber of ECE graphene-
chitin SA at maximum input pump power of 398 mW. Incorporating the SA into the laser cavity
enables the laser to operate at approximately 2 um. The 3-dB bandwidth with a SA was around 6.6
nm, as shown in Figure 9. Stable Q-switched performance was gained once the pump power was
above a threshold level of 307.6 mW and remained stable as the pump power was increased up to



Journal of Advanced Research in Micro and Nano Engineering
Volume 11, Issue 1 (2023) 1-14

the maximum power of the pump laser, which was 398 mW. The operating wavelength of the Q-
switched laser has shifted to a shorter wavelength than the CW laser (without SA). This is due to
increased cavity loss with the addition of SA. To compensate for the loss, the pulsating light in the
cavity shifts to a shorter wavelength closer to the peak absorption of the THDF at roughly 1900 nm.
The self-phase modulation effect in the ring cavity additionally broadens the spectrum bandwidth in
the Q-switched laser.

15
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Fig. 9. Optical spectrum trace at maximum input pump power
without and with SA

Figure 10 shows that the pulses had a repetition rate of 67.78 kHz with a pulse-to-pulse
separation of 15 us. Meanwhile, the pulse width was 10.03 pus, as observed in Figure 10. Each Q-
switched pulse envelope had an asymmetric intensity profile with no amplitude modulation
demonstrating that the self-mode locking phenomenon had been effectively controlled. Shortening
the length of the laser resonator, such as using a shorter gain fibre length with a high doping level,
may lead to a shorter pulse duration [21].

0.004
15
0.003 } st
0.002 }
El
=
% 0.001 10.03 s
“
¢ 1
0001 b |
20.002 }
-0.003 N . " s
0 20 40 60 80 100

Time (ps)

Fig. 10. A Q-switched pulse train at a pump power of 398 mW with
pulse-to-pulse separation of 15 ps and pulse width of 10.03 ps



Journal of Advanced Research in Micro and Nano Engineering
Volume 11, Issue 1 (2023) 1-14

Figure 11 depicts the relationship between repetition rate, pulse width, and pump power. Q-
switched pulse repetition rate varied with pump power, unlike mode-locked fibre lasers, whose
repetition rate depended on cavity length [22,23]. Increasing the pump's power increases the
repetition rate from 52.3 kHz to 67.78 kHz. The repetition rate obtained is higher than the repetition
rate obtained by previous work of ECE graphene-PEO and GO-PVA SA [24,25]. The pulse width
decreased from 13.29 ps to 10.03 us as the pump power increased from 307.6 mW to 398 mW. As
more pump power was pumped into the cavity, the gain population was excited to a saturation state
more rapidly. This enabled a shorter pulse width at a faster pulse repetition rate. The pulse width
and repetition rate patterns were consistent with the passive Q-switching theory [26].
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Fig. 11. Pulse width and repetition rate as a function of pump power

Figure 12 shows the pulse energy and peak power of ECE graphene embedded with chitin polymer
as a function of pump power. Increasing the pump power from 307.6 mW to 398 mW increased the
pulse energy from 54.68 nJ to 83.95 nJ. The peak power also showed a similar pattern to that of pulse
energy, where the peak power was increased from 3.87 mW to 7.87 mW. The pulse energy of this
work is higher than the pulse energy obtained in previous work [21].

The ECE graphene-chitin SA's radio frequency spectrum analyzer (RFSA) trace is shown in Figure
13. As can be observed, the signal to noise ratio (SNR) ratio at a pump power of 398 mW was 39.48
dB. This SNR value showed that the Q-switched pulse laser operated at good stability, indicating the
ECE graphene-chitin-based SA able to generate a stable pulsed.

10
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-40

39.48dB

-60

kol

-100

Output power (dBm)

-120

0 100 200 300
Frequency (MHz)

Fig. 13. RFSA measurement signal-to-noise ratio at a pump
power of 398 mW

Table 1 summarises the comparison of Q-switcher performances of the fabricated SAs in the 2
um region. The threshold pump power of ECE graphene-chitin is lower than most of the values
reported in Table 1. Aside from the high nonlinear response of graphene, which enhances the
absorption of photons, the use of chitin in this case compared to other synthetic polymers reduces
the pump power needed to achieve Q-switched operation due to its reduced saturation fluence, as
chitin has low saturation intensity. Since it is known that the choice of host polymer can affect the
packing density and orientation of the SA molecules, which in turn can affect the nonlinear optical
response and saturation fluence, chitin can be said to be more compatible with the base material
[27].

11
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Table 1
Comparison of all-fibre Q-switched lasers operating in 2.0 um region
Material Ac Pump Pulse Repetition Peak Pulse SNR  Output Ref
(nm) power width rate power energy (dB)  power
(mW) (ps) (kHz) (mW) (nJ)
GO-PVA 1944 344-491 5.08-4.2 15.76- 151.6 0.68 49 17 [25]
25.08
SWCNT-PVA 1967 3600 ~0.87 85-164 - 630 - 103 [21]
Titanium- 1552 272.1-467 5.62- 21.8-39.1 55.8 124 55 1.63-4.84 [28]
PVA 2.22
MOS;-PVA 2032 2890- 2.06— 33.6-48.1 - 1000 546 473 [29]
3410 1.76
ECE 1907.8 307.6-398 13.29- 52.3- 3.87- 54.68- 39 2.86-5.69  This
graphene- 10.03 67.78 7.86 83.95 study
chitin

Graphene filament embedded with chitin polymer has a higher repetition rate compared to other
based materials in Table 1. The pulse width of graphene filament-chitin is higher than those values in
Table 1 and comparable to GO-PVA SA in Table 1. Furthermore, the SNR value of this work, which is
higher compared to those reported in Table 1, suggests that graphene embedded in chitin can
improve the performance of SAs in laser applications. Overall, laser performance in this study was
better than most if not all related previous studies, as shown in Table 41. This shows the potential of
graphene chitin-based SAs for multiple applications in the 2 um region, such as medical surgery, free-
space optical communications, light detection and ranging (LIDAR), nonlinear frequency conversion,
and transparent material processing.

4. Conclusions

This study investigated the fabrication of graphene through the cost-efficient electrochemical
exfoliation method with chitin as a host polymer. The synthesised ECE graphene embedded with
chitin was employed in a pulsed laser cavity in the wavelength region of 2 um to enable Q-switching
pulse laser operations. The experimental result produced pulse peak power and pulse energy of 7.86
mW and 83.95 nJ. The pump power produced a maximum repetition rate of 67.78 kHz with the
shortest pulse width of 10.03 ps when increased from 307.6 mW to 398 mW.
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