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Pulse generation of mode-locking fiber laser at 1.053 uM using graphene
oxide film as saturable absorber
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This article depicts a reliable mode-locking Ytterbium-doped fibre laser (YDFL) utilizing
a saturable absorber (SA) film which was created by combining graphene oxide (GO) and
polyethylene oxide (PEO) solutions. A thin film was eventually formed from the polymer
composite after it was dried at room temperature. The thin film is then integrated into the
YDFL cavity to initiate mode-locking process. Pulse with repetition rate of 6 MHz is
observed from oscilloscope. The estimated cavity length of YDFL is calculated at
approximately 25 m a total net dispersion of -20.397 ps“/km. This proves that our self-
fabricated SA is successful and is proven as an effective SA.
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1. Introduction

Saturable absorber (SA) is often used to generate Q-switched and ultrashort pulsed laser in
broad wavelengths. Generally, carbon-based materials such as graphene, carbon nanotube (CNT)
and Silicon Germanium (SiGe) are potential candidates as SA [1] [2] [3]. Besides SA, they are
widely adopted in field effect transistor (FET) for enhanced performance and reliability [4].
Graphene, a layered carbon-based material is anticipated as a replacement to silicon or at least to
be integrated with silicon for silicon-based electronics devices due to its extraordinary electrical
and optical properties. Contrary to carbon nanotube (CNT), the electrical properties of graphene
does not depend on the chiral vector. Graphene exhibits gapless bandgap which allows absorption
of light that is independent of wavelength to take place in graphene. In addition to the broad
absorption of light, graphene also shows strong optical nonlinearity and sub-picosecond relaxation
times which are ideal for laser mode-locking in a broad wavelengths range [5] [6]. Ultra-short
pulses from fiber laser achieved using graphene SA was first demonstrated by Zhang et al.,
delivering pulse energy of 3nJ and pulse width of 700 fs at 1590 nm [7]. Later, graphene synthesis
for mode-locked fiber laser was extensively investigated and reported using liquid-phase
exfoliation (LPE), chemical vapour decomposition (CVD), carbon segregation and micro-
mechanical cleavage [8] [9]. The most common and popular approach to integrate the synthesized
graphene-based SA into a laser cavity is by sandwiching SA in between fiber connectors [10].
Other reported methods include free-space coupling, evanescent field interaction, and filling on the
holes photonic crystal fiber (PCF) with SA solution [11] [12] [13].

Following the discovery of graphene as SA by Zhang, other derivatives of graphene such
as graphene oxide (GO) had attracted the interest of researchers. Similar to graphene, GO consists
of hexagonal carbon lattice structure but it also contains oxygen as functional groups. GO is
adopted as SA for its strong nonlinear saturable absorption and ultra-fast relaxation [14] [15] [16].
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One main advantage of GO is its easy handling as it has higher water dispensability compared to
graphene. [17] [18]. For the advantages mentioned above, GO is under extensive investigation in
nano-electronics and photonics due to its nonlinear saturable absorption, strong electro-absorption
and broadband conductance. As a result, GO is successfully proven as transparent flexible
conductor, optical modulator, passive mode-locker and polarizer [19]. Other materials such as
topological insulator (TI) and transition metal dichalcogenides (TMDs) are also actively
investigated for pulse generation [20] [21]. In this work, soliton pulsed fiber laser was
demonstrated in 1um region utilizing GO as SA. The constructed soliton mode-locked pulsed fiber
laser is desirable for wide range of applications, covering optical communications, biomedical
imaging, and material processing [22] [23] [24].

2. Preparation and characterization of a saturable absorber based on
graphene oxide

GO used in this work is synthesized from enlarged acid-washed graphite flakes using a
modified Hummers technique. Below are the details of the fabrication process. Firstly, 320 mL of
sulfuric acid is combined with 18g of graphite flakes (H2SO4), 70 mL of phosphoric acid
(H3PO4) and 20 g of potassium permanganate (KMnO4). After combining all the materials listed
above, the mixture is then stirred using a magnetic stirrer. After all the materials are thoroughly
combined through stirring process, the mixture is dried at room temperature for 3 days so that
oxidation of graphite can take place. The mixture's colour slowly changes from dark purplish-
green to dark brown. Later, H202 solution is added to the mixture to stop the oxidation process.
The colour of the mixture is observed to change to bright yellow. This indicates that a high
oxidation degree of graphite is reached. The graphite oxide is rinsed many rounds with deionized
water and 1 M HCI to eliminate both chloride and sulface ions. This process is repeated until pH
of approximately 5 is achieved. The washing procedure is carried out via a simple decantation of
supernatant followed by a centrifugation method with a force of 10,000 g. The GO is exfoliated
during the washing process with deionized (DI) water, resulted in thickening of graphene solution
and thus forming GO gel. Subsequently, the GO gel is then mixed with DI water to obtain a GO
solution.

The polymer is synthesized by dissolving 2 g of PEO (average molecular weight of 1 x
106 g/mol) in 200 ml of DI water using a hot plate stirrer and a magnetic stirrer. It took almost
three hours to completely dissolve the PEO in DI water. The GO-PEO composite is created by
dispersing a variable amount of GO-containing dispersed GO suspension into a solution of 2 g
PEO in deionized water and completely mixing them using an ultra-sonification technique. To
establish a stable G O-P EO composite solution, the mixer is bathed in an ultrasonic bath (a
Branson 2800, 50/60 kHz) for about 2 hours. Only a small amount of the PEO solution (0.7 ml —
2.3 ml) is needed to successfully decrease GO consumption in the section. This PEO-GO
combination is then allowed to cure at room temperature to produce GO-PEQ film. Figure 1(a) and
(b) illustrate the image of the GO PEO film as well as the Field Emission Scanning Electron
Microscope (FESEM — JSM 7600 F) image. A zoom in inspection of the GO layer created reveals
neatly stratified GO, confirming the formation of GO paper [25]. EDX spectra in figure 1(c) show
that the oxygen content is 44% wt and the carbon content is 56% wt.
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Fig. 1. Picture showing GO PEO composite film after it has dried out at room temperature. In (a),
the image is real, and in (b) it is the FESEM image, and in (c) it is the EDX spectrum for the GO
PEO composite film.

The Raman spectra of the manufactured GO as shown in Figure 2(a), reveals that the
positions of D and G peak at 1359 cm™ and 1600 cm™, respectively. The D band is caused by the
defect-induced breathing mode of sp2 rings, while the G band is caused by the first-order
scattering of sp2 carbon atoms' E2g phonon. [26]. As seen in the picture, the G band of the GO has
a higher frequency (of 1600 cm™) than graphite (1580 cm™) and the result tallies with the
discovery given by [27]. The (ID/IG) intensity ratio for GO is calculated at 0.85. The ratio is
proportional to the average size of the sp2 clusters and relates to the measure of disorder degree
[28]. Figure 2(b) shows the linear transmission spectrum for the GO film. At 1550 nm, it absorbs
around 15% of the light. Figure 2(c) depicts the measured nonlinear curve of the GO-PEO film. It
shows that the film exhibits 24.1 % nonlinear saturable absorption or modulation depth, 72
MW/cm? saturable intensity, and 35.1 % non-saturable absorption.
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Fig. 2. Characterization of GO film; (a) Raman spectrum, (b) Linear transmission spectrum,
and (c) Nonlinear transmission characteristic.
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3. GO PEO film as SA is used as the configuration of the mode-locked
Ytterbium-doped fibre laser

Figure 3(a) depicts the laser cavity in a ring configuration. The gain medium used 1m
long Ytterbium-doped fiber (YDF). The characteristics of The YDF (Yb1200-4/125) is as follows:
core diameter: 4um, cladding diameter: 125 um, numerical aperture (NA): 0.20, cut-off
wavelength: 1010 nm, Ytterbium ion absorption: 280 dB/m at 920 nm and group velocity
dispersion (GVD): 24.22 ps’/km. The remaining of the cavity consists of single-mode fiber (HI
1060) with a GVD of -21.9 ps2/km. YDF is pumped by a 980 nm laser diode (LD) via a 980/1064
nm wavelength division multiplexer (WDM). The SA is assembled by careful placement of
graphene PEO in between two fiber ferrule. Index matching gel is applied to the ferrule to ensure
that the SA film sits firmly at the middle of core region at the fiber end. Another purpose of
employing index matching gel is to minimize the insertion loss. The insertion loss of the SA
device is measured to be around 4 dB at 1050 nm region. The total net dispersion and length of the
laser cavity is estimated at 35.025 ps/km.nm and 25 m, respectively.
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Fig. 3. (a) Experimental set-up using GO PEO film as SA in mode-locked YDFL (b) Output spectrum
of the mode-locked YDFL

An isolator is positioned within the laser cavity so that light in the cavity propagates only
in one direction, while the function of polarization controller (PC) is to adjust the polarization state
of light for optimized mode-locking operation. A portion of the light from the constructed laser
cavity is coupled out via a 90/10 coupler for monitoring purpose. A 3dB coupler which is placed at
the 10% port of 90/10 coupler further splits the output light into two. One port of the 3dB coupler
is linked to optical spectrum analyzer (OSA, Yokogawa AQ6370B), with resolution of 0.02 nm
and the other port is connected to Oscilloscope (LeCroy,352A) and 7.8 GHz radio frequency
spectrum analyzer (RFSA, Anritsu MS2683A). The characteristics of pulse in the time domain is
analyzed using oscilloscope via a 1.2 GHz InGaAs photodetector.

It is observed that mode-locking is initiated when the pump power is gradually increased
to 81.5 mW. Figure 3(b) shows the obtained typical mode-locked soliton spectrum with distinctive
Kelly side-bands obtained from OSA when the 980 nm pump power is further increased to 204.5
mW. The center operating wavelength of the soliton is ascertained at 1054 nm with full width half
maximum (FWHM) of 14.26 nm. It is noted that the spectrum broadens with the increment of
pump power due to self-phase modulation (SPM) effect. The pulse width is determined using the
time-bandwidth product (TBP) equation by fitting the calculated pulse to sech® pulse profile of
0.315 based on the characteristics of the laser cavity and measured FWHM value of 14.26 nm [29].
The calculation reveals that a minimum possible pulse width is of 0.08 ps.

4. GO-PEO SA mode-locking pulse generating

Figure 4(a) and (b) show the characteristics of pulse train recorded from oscilloscope
under the pump power of 214.5 mW. As can be seen from Figure 4(a), the mode-locking operation
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is stable under laboratory condition, with small amplitude variation at the pulse train. A zoom in
view with time span of 1500 ns on the pulse train is as illustrated in Figure 4(b). The period of
pulse train was measured to be around 165 and this translated to a repetition rate of 6 MHz. The
obtained fundamental repetition rate tallies with the total cavity length of 25 m. The RF spectrum
of the mode-locking pulse is described in Figure 4(c). The output observed at RF spectrum
analyzer revealed a prominent peak at 6 MHz with signal to noise ratio (SNR) of 66 dB. As can be
seen in Figure 4(b), the relationship between output power and pulse energy are found to be
increasing with pump power. Pulse output power is measured with power meter and it is found to
be increasing with pump power. At 214.5 mW pump power, the maximum output power is
measured around 12.1 mW. On the other hand, the same increasing trend is also observed for pulse
energy. The calculated pulse energy increased from 6.2 nJ (110.5 mW) to 1.5 nJ (214.5 mW). It is
noted that beyond the pump power 214.5 mW, no pulse is detected.
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Fig. 4. Pulse train of the mode-locked YDFL at the pump power of 214.5 mW at time spans of (a) 20
000 ns (b) 15000 ns. (c) RF spectrum of the mode-locked YDFL and (d) Average output power and
pulse energy with respect to 980 nm pump power for the mode-locked YDFL.

5. Conclusion

A low cost soliton mode-locked YDFL was successfully constructed and demonstrated
using self-prepared GO SA. It operates at 1053 nm region with repetition rate of 6.0 MHz and
stable at SNR of 66 dB. The calculated pulse width and pulse energy are 0.08 ps and 1.5 nJ,
respectively. This work proves that the self-fabricated GO SA is successful to be used as a SA in
the 1-um region to generate stable ultrashort pulse.
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