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Abstract

This paper reported a successful demonstration on Q-switched fiber laser by using graphite as saturable absorber (SA). The graphite is
deposited on the fiber ferrule through a simple mechanical exfoliation method. The modulation depth of the graphite SA is 19.2% with a
saturation intensity of 85 MW/cm?. The maximum achievable pulse repetition rates and pulse width are 42.41 kHz and 3.40 ps respec-
tively. Meanwhile, its optical signal-to-noise ratio is about 50.81 dB. The Q-switched pulses have the maximum pulse energy of 5.84 nJ.
These outcomes demonstrated that a stable output of passively Q-switched fiber laser is produced and can be applied for various optical

fiber applications.
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1. Introduction

Recently, Q-switched fiber laser has been implemented in various
applications including communication, medical, industrial pro-
cessing, remote sensing and military [1-6]. This pulsed fiber laser
source has attracted a huge technical attention due to its uncompli-
cated configuration and easy operation. Besides, it has numerous
advantages including alignment-free operation, low heat accumu-
lation, high beam quality and compactness [7]. Besides that, Q-
switching is applicable in two ways which are active and passive.
A passively Q-switching technique uses a saturable absorber (SA)
to modulate the intracavity losses which result in a high energy
pulse [8]. Semiconductor saturable absorber mirrors (SESAMS)
have been commonly used in producing the Q-switching pulses
but the performance is limited by the operating wavelength. Be-
sides, the high fabrication cost is one of the issues too [9]. Hence,
other alternatives were being investigated until the carbon nano-
tube (CNT) SA was found later. The CNT SAs have been widely
implemented for Q-switching and mode-locking at different oper-
ating wavelengths [10-11].

In 2009, Bao et al. [12] had reported the first effective graphene
saturable absorber, comprising a broadband operating bandwidth.
Since then, graphene-based SA has been extensively investigated
for passively Q-switching and mode-locking since graphene has a
with zero band gap semiconducting feature. Recent researches
have reported many alternatives for the saturable absorption mate-
rials such as the transition metal dichalcogenides (TMDs) and the
topological insulators (TIs), for instance, bismuth selenide
(Bi2Ses) [13-14], molybdenum disulphide (MoS2) [15], molyb-
denum selenide (MoSez) [16] and tungsten disulphide (WS2) [17].
Metal nanoparticles such as gold and silver based SAs are also the
excellent candidates [18-19].

Nevertheless, graphene is still the most favourable SA as it has the
ultimate potentials for the implementation of the efficient pulsed
fiber lasers and solid-state lasers [20-25]. However, there is a crit-

ical aspect that is essentially required for the realization of a prac-
tical graphene SA, which is its material structure. Both of the crys-
talline-structured and few-layered graphene SAs are fabricated by
the complex and sophisticated fabrication methods such as chemi-
cal vapour deposition (CVD) [26], pulsed-laser deposition (PLD)
[27] and chemical synthesis [28-30]. Therefore, some possible
alternatives such as graphite and graphene oxide are introduced.
Graphite [31-35] and graphene oxide [36-40] are the carbon-based
materials that provide comparable saturable-absorption properties
to few-layered graphene, which can serve as a cost-effective and
practical SA despite the relatively low crystalline quality. Only a
few studies on graphite-based SA have been reported to date [31-
35]. The previous works used graphite nanoparticles that were
prepared through the mechanical-trituration process [32], electro-
chemical exfoliation [34], PVA-brushing/nanoparticle imprinting
[31] and the aqueous nanoparticle-solution-dropping method [35].
A much simpler fabrication method is presented in this paper to
fabricate the graphite SA in which the SA is prepared by using
graphite flakes which are commercially available.

2. Experimental Details

2.1. Preparation and characterization of graphite SA

The fabrication process begins with the preparation of the SA
material. The commercial natural graphite flakes (obtained from
HQ Graphene) are used as the base material for the SA prepara-
tion. The flakes are transferred onto a scotch tape to prepare for
the exfoliation process. The fiber ferrule is first cleaned with iso-
propyl alcohol and then pressed onto the graphite flakes as shown
in Figure 1. Figure 2 shows the graphite on the fiber ferrule’s sur-
face after being mechanically exfoliated.
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Fig. 2: Graphite under the fiberscope

The morphology and the elemental analysis of the graphite SA are
inspected by the scanning electron microscope (SEM, FEI) and the
energy dispersive spectroscopy (EDS, Aztec Energy). Figure 3
shows the graphite image after being scanned by the SEM. The
EDS analysis clearly shows the composition of graphite with a
strong intensity peak of carbon (C) element as in Figure 4. The
presence of the silicon (Si) and oxygen (O) elements are due to the
fiber (silica, SiO2) detected by the EDS.
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Fig. 4: EDS analysis on graphite SA
2.2. Measuring the modulation depth of graphite SA

A balanced twin detector method is applied for measuring the
modulation depth (saturable absorption) of the graphite SA. The
method is based on a pulsed fiber laser source with a central wave-
length and a pulse repetition rate of 1558 nm and 2.833 MHz re-

spectively. The setup for the measurement is illustrated in Figure 5.

Two optical power meters are used to measure two output signals
(Path 1 & Path 2). Path 1 is set for the reference power measure-

ment while Path 2 for power absorption measurement. The meas-
ured modulation depth of the graphite SA is 19.2% with a satura-
tion intensity of 85.0 MW/cm?, shown in Figure 6. As the intensity
beam increases, the absorbance decreases to indicate the possibil-
ity of a passive amplitude modulation of the incident beam with
simple laser device [42]. The typical nonlinear absorbance formu-
la is expressed by Equation 1 [41].

A= +ot &)

s

Definition 2.1: o(1) indicates the absorption coefficient, as and ons
are the saturable losses and non-saturable losses respectively, | is
the intensity of the laser light and Is is saturation intensity.
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Fig. 6: The modulation depth of graphite SA
2.3. Experimental setup

The Q-switched fiber laser is set up experimentally as shown in
Figure 7. A'5 m erbium-doped fiber (EDF) with the absorption
coefficient of 5.09 dB/m at 979 nm of wavelength is used as an
active medium. The EDF is pumped by a 980 nm Oclaro LC
96A74P-20R laser diode through a 980/1550 nm of wavelength
division multiplexer (WDM). To ensure a unidirectional light
propagation, an isolator (ISO) is placed right after the EDF.
Meanwhile, the graphite SA (G-SA) is employed in between the
isolator and the polarization controller (PC). The output is ana-
lyzed by the optical spectrum analyzer (OSA) and the oscilloscope
(OSC) via 90:10 optical coupler, connected to a 50:50 optical
coupler. The overall cavity length is about 15 m.
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Fig. 7: Q-switched fiber laser incorporated with graphite SA
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3. Results and Discussions

The output spectra are observed as increasing the pump power.
The Q-switching started at the threshold pump power of 15.9 mW.
They are stable until reaching the maximum pump power of 95.4
mW. By referring to Figure 8, the solid line shows the Q-switched
emission spectrum with a central wavelength and a 3 dB band-
width of 1558 nm and 2.92 nm respectively. It can be clearly seen
that the Q-switched spectrum has a broader bandwidth than the
continuous wave spectrum (dashed line) which occurred as a large
population inversion is achieved, producing a single short laser
pulse. Also, it is caused by the large normal dispersion of the fiber
cavity.
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Fig. 8: Output optical spectra at 95.4 mW of pump power

Figure 9 indicates the pulse trains extracted from the oscilloscope
at 95.4 mW of pump power, via a 5 GHz bandwidth photodetec-
tor. The time interval and the constant peak intensity are 23.58 ps
and 0.25 V, respectively which corresponds to a repetition rate of
42.41 kHz, with a pulse width of 3.40 ps.
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Fig. 9: Pulse train at 95.4 mW of pump power

The relationship between the repetition rate, pulse width and pulse
energy is shown in Figure 10. The repetition rate shows a linear
increment from 15.20 kHz to 42.41 kHz. Meanwhile, the pulse
width decreased linearly from 8.68 ps to 3.4 ps. These trends
prove the typical characteristics of Q-switching operation [18].
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Fig. 10: Pulse repetition rate and pulse width versus pump power

Figure 11 shows the peak power and energy variations of the gen-
erated pulse. At the maximum pump power, the pulse energy and
the peak power are 5.84 nJ and 0.25 mW respectively. Both of the
parameters are increased in correspondence with the increase of
the latter. Besides, it can be seen that both parameters are a near-
inverse match to the pulse width.
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Fig. 11: Pulse energy and peak power variations

The radio frequency (RF) spectrum is shown in Figure 12, taken at
the maximum pump power of 95.4 mW, with 30 Hz of resolution
bandwidth. The fundamental frequency of the spectrum was 42.41
kHz with a signal-to-noise ratio (SNR) of 50.81 dB.
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Fig. 12: RF spectrum at the maximum pump power of 95.4 mW
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Table 1 shows the performance comparison between the graphite-
based SA in this work with the previous researches. Although the
modulation depth in this work is quite small, however, it is suffi-
ciently enough to realize Q-switching.

Table 1: Graphite-based SAs and their pulse parameters

Graphite-based SA fabrication technigues Modulation depth (%) Repetition rates Pulse width References
PVA-brushing/nanoparticle imprinting 20.0 7.00 MHz 1.20 ps [31]
Mechanical-trituration 54.0 9.10 MHz 1.67 ps [32]
Electrochemical exfoliation 53.0 30.61 MHz 430 fs [34]
Aqueous nanoparticles-solution 55.0 1.26 THz 335 fs [35]

dropping

Pencil sketching 1.0 46.08 kHz 1.98 us [33]

Simple mechanical exfoliation 19.2 42.41 kHz 3.40 ps This work
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4. Conclusion

A simple and easy preparation method of the graphite-based SA
has been successfully demonstrated in this paper. The results and
the performance of the prepared SA are comparable for a passive-
ly Q-switched fiber laser. It is believed that this SA has a huge
potential as a practical and efficient SA in the ultrafast photonics.
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