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[T I N

Abstract: We demonstrate a simple mode-locked Erbium-doped fiber laser (EDFL) based on self-
synthesized saturable absorber (SA) by combining graphene oxide (GO) and polyethylene oxide
(PEO) solutions to form a GO-PEO thin film. This thin film was incorporated into an Erbium-doped
fiber laser (EDFL) with a cavity length of 9 m. Our EDFL could operate at a 22 MHz repetition rate
with a 0.8 ps pulse duration. The laser also showed stable soliton pulses under various laser pump
power values. Our reported results show that GO-PEO SA is effective and proven as a cost-effective
material for saturable absorbers for EDFLs.

Keywords: EDFL; pulsed fiber laser; saturable absorber; graphene oxide

1. Introduction

The first report of ultra-short pulses’ generation from passively mode-locked fiber
lasers by incorporating graphene-based saturable absorbers (SA) was made more than
a decade ago [1]. Since then, various fiber laser configurations have been proposed, uti-
lizing erbium-doped fibers (EDFL) [2-6]. EDFLs are sought after, as they offer various
applications in many industrial and scientific research areas, such as biomedical imaging
research, material processing, and supercontinuum generation [7-9]. Nowadays, despite a
growing number of SAs based on new materials, such as the Topological Insulator [10,11],
Transition Metal Dichalcogenides (TMD) [12], Black Phosphorus [13,14], MXenes [15,16],
metal halide perovskites [17], ferromagnetic semiconductors [18], and Ternary Transition
Metal Chalcogenides (TTMC) [19] having emerged, graphene is still irreplaceable by new
materials due to its fascinating saturable absorption properties and broad operational
wavelength range. More recently, much research has begun to focus on graphene oxide
material and its various applications in photonics [20-22]. Graphene oxide is an atomically
thin sheet of carbon bonded with oxygen functional groups, which can be produced by the
oxidative treatment of graphite [23]. Hence, as a by-product, graphene oxide is cheaper and
more easily accessible than graphene. Moreover, the covalent oxygen functional groups
in graphene oxide not only represent strong hydrophilic properties, but also create a re-
markable mechanical strength that offers a superior flexibility and processibility for the
production of graphene-oxide-based optoelectronics [24]. Further investigation shows that
graphene oxide has an ultrafast recovery time and strong saturable absorption, which is
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comparable to that of graphene [25]. Some remarkable works on pulsed fiber lasers with
GO were reported. Sobon et al. observed a soliton pulse at a 1558 nm wavelength and an
FWHM bandwidth as broad as 9.3 nm [26]. Xu et al. modified the laser cavity dispersion
to —0.008 ps?, and this resulted in a narrow pulse width at 0.2 ps [20]. They reported
pulsing a very low pulsing threshold power of 27 mW. In this paper, we demonstrate
observing soliton in a mode-locked EDFL by employing graphene oxide embedded into
PEO film as passive SA. The fabricated GO film had a nonlinear saturable absorption or
modulation depth of 24.1%, and it was integrated into an EDFL cavity to produce soliton
pulses. The EDFL operates in the L- band region, with a center wavelength of 1565.2 nm
with stable mode-locking states between pump powers of 39.0 to 170.2 mW. We would
like to highlight that our work generates a soliton pulse in the L-band region with a high
fundamental frequency of 22 MHz and that its performance is comparable to the work
demonstrated by others. This will provide an alternative to the exhausted C-band trans-
mission capability. Additionally, the recorded pump threshold power required to initiate
mode-locking is low, at 39 mW. The sub-picoseconds pulse is attractive for expanded L-
band terrestrial Dense Wavelength Division Multiplexing (DWDM) and submarine optical
communication networks.

2. Synthesis and Characterization of GO-PEO Film as Saturable Absorber

We synthesized the GO used in this work by using a modified Hummers method [27].
Firstly, we mixed 320 mL of sulfuric acid and 80 mL of phosphoric acid, together with 18 g
of graphite flakes and 20 g of potassium permanganate, by using a magnetic stirrer. After
the mixture was combined thoroughly, it was left to stir for 72 h to allow for the oxidation
of graphite to occur. This is implied by the mixture’s color change from dark purplish green
to dark brown. Then, we added hydrogen peroxide solution to stop the oxidation process.
Here, the color of the mixture switched to bright yellow, indicating a high oxidation level
of graphite.

The formed GO was then rinsed at least three times with 1 M of hydrogen chloride
aqueous solution, followed repeatedly by deionized water, until a pH of 4-5 was achieved.
This washing process was performed using a simple decantation of supernatant via a
centrifugation technique, with a centrifugation force of 10,000x g. During the washing
process, the GO experienced exfoliation, resulting in the thickening of the graphene solution,
forming a GO gel. Finally, the GO gel was mixed with deionized water to obtain a graphene
oxide solution.

We prepared the polymer by dissolving 1 g polyethylene oxide (PEO) with 120 mL of
deionized water, using a hot plate stirrer with the aid of a magnetic stirrer. The PEO took
approximately three hours to become fully dissolved in DI water. We fabricated GO-PEO
composites by adding a different quantity of dispersed GO suspension containing GO into
a solution of 1 g PEO in deionized water and stirred thoroughly via an ultra-sonification
process. Next, the solution was placed into an ultra-sonic bath (Branson 2510, 40 kHz,
Branson Ultrasonics, Shanghai, China) for about one hour to produce a stable GO-PEO
composite solution. Lastly, this concoction of PEO and GO was dried at room temperature
to obtain a GO-PEO film. The dried GO-PEO film is shown in Figure 1a.

Figure 1b is the Field Emission Scanning Electron Microscope (FESEM) image of the
fabricated GO (500 nm in dimension). The figure shows well-defined and interconnected
graphene sheets forming a porous and loose sponge-like structure. Figure 1c shows the
Raman spectra of the synthesized GO, displaying a D peak at 1359 cm~! and a G peak at
1600 cm~!. The observation of the D band is due to the defect-induced breathing mode of
sp? rings. On the other hand, the depiction of the G band is caused by first-order scattering
of the Epg phonon of sp2 carbon atoms, respectively [28,29]. As observed, the G band of
the GO is located at a higher frequency compared to graphite, which is at 1580 cm ™. This
observation corresponds well with the finding reported in [30]. The (Ip/Ig) intensity ratio
for GO is computed at 0.85, which is the measure of the disorder degree and is inversely
proportional to the average size of the sp? clusters [26]. Figure 1d displays the measured
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(a)

nonlinear transmission curve of the GO-PEO film. As shown, the film exhibits a 24.1%
nonlinear saturable absorption, as well as a modulation depth of 72 MW /cm? saturable
intensity and a 35.1% non-saturable absorption.
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Figure 1. Fabrication and characterization of GO-PEO film: (a) GO-PEO film after letting it dry at
room temperature; (b) FESEM image of GO-PEO film; (c) Raman spectrum from the GO-PEO film;
(d) Modulation Depth of the GO-PEO film.

3. Generation of Soliton Pulses with GO-PEO Film as Saturable Absorber

The prepared GO-PEO film was cut into small pieces. A ready-made piece of it was
attached to an FC/PC fiber ferrule with index matching gel, as shown in Figure 2 labelled
with “GO-SA”. We then matched this ferrule with another fresh ferrule via an adaptor.
The insertion loss of the SA was measured as being around 1.5 dB at 1550 nm. The EDFL
has a total cavity length of 9 m: 3 m long EDF as the gain medium, 0.6 m wavelength
division multiplexer (WDM) fiber, and 5.4 m long SME, with a group velocity dispersion
(GVD) of 21.6 ps?/km, —38.0 ps?/km, and —21.9 ps?/km, respectively, at 1550 nm. To
complete a ring cavity laser configuration, a 980 nm laser diode was used to pump the EDF
via 980/1550nm (WDM) and directly spliced to unidirectional isolator. A 90:10 coupler was
used to extract the 10% of total laser’s intracavity beam for a spectrum and performance
evaluation via optical measurement devices. The cavity operates in an anomalous fiber
dispersion of —0.20 ps?, and thus traditional soliton tends to be formed in the fiber laser.

The laser generated a stable mode-locking pulses train, owing to the balance between
the GVD and nonlinearity effect within the ring cavity. Continuous wave (CW) lasing was
firstly observed at around a 32 mW pump power, and it subsequently changed to a mode-
locked operation when the pump power was increased to 39.3 mW. The mode-locking
operation was maintained as the pump power was further increased to 170.2 mW. We also
confirmed that without the insertion of the GO-PEO film, no pulsing was detected. This
proved that the establishment of the pulsing operation was purely contributed to by our
fabricated GO-PEO SA.
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Figure 2. Configuration of the mode-locked EDFL with GO-PEO film-based SA consist of 980nm
laser diode, 980/1550 nm WDM, 3 m EDF, isolator, 90:10 coupler, measurement devices, SMF and
GO-SA thin film.

Figure 3a illustrates the optical spectrum of the mode-locked EDFL at a pump power
of 110.8 mW. The spectrum is centered at 1565.2 nm with a 3 dB bandwidth of 5.6 nm. Kelly
sidebands are also noticeably observed on both sides of the spectrum, demonstrating that
the mode-locked operation was in the anomalous dispersion soliton regime. The formation
of Kelly sidebands is due to periodic perturbations in the laser cavity. The inter-correlation
between dispersion and nonlinearity in the ring cavity produces a good generation of
soliton pulses. Figure 3b shows a typical oscilloscope trace at a 110.8 mW pump power,
which indicates a stable mode-locked pulse. We noticed that the pulse train is uniform with
slightly distinct amplitudes for each envelope spectrum due to the effect of birefringence
in fiber. When the soliton pulse intensity is strong, the pulse evolves nonlinearly at both
orthogonal axes of the fiber. The interaction between these two orthogonal axes resulted in
a non-uniform pulse train. The distance of the peak-to-peak oscillation of the pulse train
is measured to be 45.4 ns, as shown in the inset of the zoomed-in view of the pulse train
in Figure 3b. This corresponds to a repetition rate of 22 MHz, which agrees well with the
cavity length of about 9 m.

Figure 3c illustrates the pulse width measurement with a secant hyperbolic-fitting
curve autocorrelation trace. The pulse duration was measured to be 0.8 ps, and the time-
bandwidth product (TBP) was 0.52, which was slightly higher than the value of 0.315 of
transform-limited sech? pulses. This suggests that the optical pulse is slightly chirped. The
RF spectrum of the laser is depicted in Figure 3d. The fundamental cavity frequency was
22 MHz (corresponding to the cavity round-trip time, 45.4 ns). The electrical signal-to-noise
ratio (SNR) was 35.8 dB, demonstrating that the mode-locking state was stable.

We varied the pump power to validate the laser’s stability and discovered that the
mode-locking state could be maintained within pump power ranges of 39.3 to 170.2 mW.
We also observed that the mode-locking operation became unstable and disappeared when
the pump power was increased beyond 170.2 mW. Figure 4 shows the relationship between
the output average power, indicated by blue-dotted lines and single pulse energy with
respect to the incident pump power which indicated by red-dotted lines. We found that
both the output power and pulse energy increase monotonously with the pump power.
At a maximum pump power of 170.2 mW, the average output power and pulse energy
were measured to be 3.37 mW and 0.153 nJ, respectively. Pulsing is still present when the
pump power is raised to the maximum available power at 170.2 mW. Therefore, it can
be concluded that the damage threshold is beyond 170.2 mW. Compared to the previous
graphene-based mode-locked laser, our GO-PEO-based laser produced a slightly higher
output power and pulse energy [31].
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Figure 3. (a) Characteristics of the soliton mode-locked pulse at pump power of 110.8 mW;
(a) optical spectrum at OSA; (b) typical pulse train at oscilloscope; (¢) pulse width measurement with
auto-correlator trace; (d) RF spectrum with RF spectrum analyzer.
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Figure 4. Average output power and pulse energy against pump power for the GO-PEO-based
mode-locked soliton EDFL.

Table 1 below summarizes some work on the mode-locked pulsed fiber laser at the
C- and L-band regions based on GO SA. The performance of our mode-locked fiber laser
cavity is comparable to others. Even though a low threshold power was reported in [20],
when the power increased beyond 69 mW, the single pulse broke into multiple pulses.
Our mode-locked fiber laser is emitting in the L-band region, with a low threshold power
and high repetition rate. The L-band emission can provide capacity enhancement to the
backbone of the optical network. Throughout the variation of pump power from 39 mW to
170.2 mW, the laser emission is stable at its fundamental repetition rate.
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Table 1. Summary of work on mode-locked pulsed fiber laser covering C- and L-band regions
using GO SA.

. Pulse Profile, Pulse .
Inﬁeg:ﬁ(t)lgn Repetition Rate Pulse Width Threslz\(;)‘i’de:’ump Center Wavelength Oi\l/tlazltnll’l(l)lxer Ref
and 3 dB Bandwidth P
Fiber ferrule 21.79 MHz 770 fs 98 mW Soliton, 1596 nm, 0.85 mW [32]
4.454 nm
. Dissipative soliton,

Mirror 19.5 MHz 11 ps 139 mW 1531 nm, 6.5 nm 2.23 mW [33]
D-shape fiber 14.64 MHz 780 fs 162 mW Soliton, 1555.9 ns, 0.36 mW [34]

3.73 nm

9.4 MHz Soliton, 1571 nm,
. (fundamental) 12ps 3.9nm )

Fiber ferrule 37.7 MHz 1.2ps 80 mW Soliton, 1560 nm, [35]

(Harmonic) 4.8 nm

7.68 MHz
Photonic Crystal (fundamental) Dissipative soliton,
Fiber 76.8 MHz 4.83ns B mW 1561.2 nm, 0.11 nm 43mW [36]
(Harmonic)

Fiber ferrule 40.32 MHz 750.5 fs 80 mW Soliton, 1559.60 nm, - [37]

3.8 nm
Mirror 22.9 MHz 0.2 ps 27 mW Soliton, 1560 nm 5.8 mW [20]
Fused silica plates 58 MHz 390 fs 92 mW SOhtOgné 1958 nm, 1.96 mW [26]
Fiber ferrule 13.9 MHz 0.6 ps 78 mW Soliton, 1577.46 nm, 38.1 uW [38]

5.4 nm

Fiber ferrule 22 MHz 0.8 ps 39.0 mW SOhtOIS" 615’1?;:"2 nm 3.37 mW This work

4. Conclusions

In conclusion, we successfully demonstrate a soliton-mode-locked EDFL using GO-
PEO SA. The EDFL operates at a center wavelength of 1565.2 nm and generates a repetition
rate of 22 MHz with stable soliton pulses at a duration of 0.8 ps. The EDFL can output a
maximum average power range of 3.37 mW with a maximum pulse energy calculated at
0.153 nJ. This work demonstrates that self-synthesized GO-PEO SA is suitable to be utilized
as a simple and low-cost SA for ultrashort pulse generation in the L-band region.
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