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1.1 INTRODUCTION 
 

Nowadays, ultrafast fiber lasers have gained tremendous interests due to their 

potential applications in various fields including micromachining [1], bio photonic 

imaging [2] and optical communication [3]. Laser can be generated by mode-locking 

mechanism based on either active or passive pulsing methods. Active technique 

synchronizes to the cavity repetition rate via an external modulator while passive 

technique synchronizes a within the laser resonator via an all optical nonlinear 

process. Due to the need for an external modulator, active pulse laser construction is 

rather bulky and complex in comparison to the simpler and compact construction of 

passive pulse laser, where its mechanism depends only on the generation of saturable 

absorption action. Saturable absorbers (SAs) used in passive pulse laser can be either 

real SAs (e.g. carbon nanotubes (CNTs), graphene) or artificial SAs (nonlinear 

polarization rotation (NPR)). Overall, passive technique is more cost efficient and 

robust compare to the active technique [4-5].   

To date, passively mode-locked fiber lasers have been demonstrated using 

various approaches such as nonlinear optical loop mirror (NOLM) [6], nonlinear 

polarization rotation (NPR) [7], semiconductor saturable absorption mirrors 

(SESAMs) [8], single wall carbon nanotubes (SWCNTs) [9-10], and graphene SAs 

[11]. In the NOLM approach, a long fiber must be used to produce sufficient 

nonlinear phase shifts. The NPR technique utilizes dispersion and nonlinearity 

management to generate laser. However, it is often sensitive to ambient factors such 

as vibration and temperature, which limits its practical applications. SESAM is the 

dominated passive mode locking. However, SESAMs require complex design to 

improve their damage threshold and work only in a narrow wavelength range. A 

simpler and cost-effective alternative relies on SWCNTs. However, SWCNTs have a 

low damage threshold and their operating wavelength depends on the diameters of 

the nanotube [12]. Therefore, a strong aspiration to seek new high-performance of 

SAs with broadband operation for fiber laser systems.  
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Since the first demonstration of two dimensional (2D) nanomaterial like 

graphene based SA [13], graphene has been studied and developed for passive mode 

locking applications [14]. Compared to the other SAs, graphene has the advantages 

of ultrafast recovery time and broadband saturable absorption. Due to its semi-

metallicity, strong electro-absorption, nonlinear saturable absorption, and broadband 

conductance, graphene was investigated intensively in the fields of nano-electronics 

and photonics. The application of graphene has been successfully demonstrated as 

transparent flexible conductors, a broadband optical modulator, passive mode-lockers 

and a polarizer [15]. Amongst the remarkable features of graphene, its nonlinear 

saturable absorption is very attractive, since its gapless linear dispersion provides an 

ultra-broad operating bandwidth. Graphene oxide (GO) has also forseen as good 

saturable absorber as an alternative form of graphene which exhibits ultra-fast 

relaxation and strong nonlinear saturable absorption [16-17]. Apart from that, 

fabrication of SA by using GO provide an easy handling due to good solubility in 

water [18]. 

In this chapter, a mode-locked soliton laser is demonstrated using a simple 

and inexpensive graphene-oxide (GO) based SA. To prepare a SA film, the graphene 

flakes are mixed with polyethylene oxide (PEO) as the host polymer to form a 

precursor solution. A suitable amount of precursor was spread thinly on the petri dish 

and let dry in the room temperature to form the film-based SA. The film is 

incorporated into an Erbium-doped fiber laser setup for soliton generation. 

 

1.2 PREPARATION AND CHARACTERIZATION OF SATURABLE 

ABSORBER 

 

Graphene oxide (GO) was prepared through a modified Hummers method 

from expanded acid washed graphite flakes. The synthesis involves the following 

steps. 18g of graphite flakes were firstly mixed with 320 mL of sulfuric acid 

(H2SO4), 80 mL of phosphoric acid (H3PO4) and 18 g of potassium permanganate 

(KMnO4) by using a magnetic stirrer. All the materials were added into a pot and 

with continuous stirring for about 3 days to allow the graphite to be oxidized. The 

color of the mixture changes from dark purplish green to dark brown. H2O2 solution 

was then added to the mixture to stop the oxidation process where the color of the 

mixtures turns to bright yellow. This indicates a high oxidation level of graphite. The 

graphite oxide formed was rinsed three times with 1 M of HCl aqueous solution (to 

remove the sulfate ions) and repeatedly with deionized water (to remove chloride 

ions) until it reached a pH of 4–5. The washing process was carried out using simple 

decantation of supernatant via a centrifugation technique. During the washing process 

with deionized (DI) water, the graphite oxide experienced exfoliation, which resulted 

in the thickening of the graphene solution, forming a GO gel. The GO gel was then 

mixed with DI water to obtain a GO suspension solution. Fig. 1.1 shows the 

illustration of the preparation process. 
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Fig. 1.1   Preparation of GO solution 

The polymer solution was prepared by dissolving 1 gram of PEO (average 

molecular weight of 1 × 106 g/mol) in 120 ml DI water. The mixture was gently 

heated for 3 hours with continuous stirring until the PEO is completely dissolve. GO-

PEO composite was fabricated by thoroughly mixing the previously prepared GO 

suspension solution into the PEO solution using an ultra-sonification process. In this 

experiment, the mixer is put into ultra-sonic bath (Branson 2510, 40 kHz) for about 

one hour to produce a stable GO-PEO composite solution (as shown in Fig. 1.2(a)). 

This mixture of PEO and GO is then left to dry at room temperature to obtain GO-

PEO film as shown in Fig. 1.2(b). Fig. 1.2(c) shows the Field Emission Scanning 

Electron Microscope (FESEM – JSM 7600 F) image of the GO PEO film. A close-up 

examination of the GO layer formed, shows orderly layered GO, verifying further the 

formation of GO film.  
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Fig. 1.2   The images of (a) the mixed suspension GO polymer solution (b) GO PEO 

film after let dry at room temperature (c) FESEM image of the GO film       

Fig. 1.3(a) shows the Raman spectrum of the fabricated GO film, which 

clearly discerning that the position of D and G peak at 1359 cm−1 and 1600 cm−1, 

respectively. The D band is due to defect-induced breathing mode of sp2 rings and the 

G band is due to the first order scattering of the E2g phonon of sp2 carbon atoms [19]. 

As observed in the figure, the G band of the GO is located at a higher frequency (of 

1600 cm−1) compare to graphite (1580 cm-1) and the result is agreed very well with 

the finding reported by [20]. The (ID/IG) intensity ratio for GO is obtained at around 

0.85. The ratio corresponds to the measure of disorder degree and is inversely 

proportional to the average size of the sp2 clusters [21]. The linear transmission 

spectrum for the GO-PEO film is shown in Fig. 1.3(b), which indicates an absorption 

of about 15% at 1550 nm region. Fig. 1.3(c) shows the measured nonlinear curve of 

the GO-PEO film. It indicates that the film has nonlinear saturable absorption or 

modulation depth of 24.1%, saturable intensity of 72 MW/cm2 and non-saturable 

absorption of 35.1%. 
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Fig. 1.3   Optical characteristics of the GO-PEO film (a) Raman spectrum (b) Linear 

transmission spectrum (c) Nonlinear transmission curve 

 

1.3 LASER EXPERIMENT  

 

The fabricated GO film was cut into a small pieces to attach into an FC/PC 

fiber ferrule as shown in Fig. 1.4(a). The ferrule was then matched with another fresh 

ferrule via a connector after depositing index matching gel onto the fiber end to 

construct an all-fiber SA device as illustrated in Fig. 1.4(b). The insertion loss of the 

SA is measured to be around 1.5 dB at 1550 nm. SA device was integrated into an 
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EDFL cavity as shown in Fig. 1.5. The laser resonator uses 3 m long Erbium-doped 

fiber (EDF) as the gain medium. The EDF has an erbium concentration of 2000 ppm, 

a cut-off wavelength of 910 nm and a pump absorption rate of 24 dB/m at 980 nm. A 

1480 nm laser diode was used to pump the EDF through a 1480/1550 nm wavelength 

division multiplexer (WDM). An isolator was incorporated in the laser cavity to 

ensure unidirectional propagation. The output of the laser was taken out from the 

cavity via a 95/5 fiber coupler. On the other hand, the 5% port of the coupler was 

connected to the 1×2 3dB coupler so that the output laser can be split into two and 

each part was then connected to an optical spectrum analyzer (OSA) and an 

oscilloscope respectively. The OSA (Yokogawa, AQ6370B) with a spectral 

resolution of 0.02 nm was used for the spectral analysis whereas the oscilloscope 

(LeCroy,352A) was used to observe the output pulse train of the mode-locked 

operation in the form of electrical signal via a 6 GHz bandwidth photodetector 

(Hewlett Packard, 83440B). The pulse width was measured using Alnair intensity 

based autocorrelator (HAC 200). The mode-locked EDFL has total cavity length of 9 

m which consists of 3 m long EDF, 0.6 m long WDM fiber and 5.4 m long SMF, 

with group velocity dispersion (GVD) of 21.6 ps2/km, -38.0 ps2/km, and -21.9 

ps2/km, respectively at 1550 nm. The cavity operates in anomalous fiber dispersion 

of -0.20 ps2, and thus traditional soliton tends to be formed in the fiber laser.  

 

Fig. 1.4   Images of (a) GO PEO film onto the fiber ferrule (b) constructed SA device 
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Fig. 1.5   Configuration of the proposed mode-locked EDFL 

 
1.4 RESULT AND DISCUSSION 

 

In the experiment, a stable mode-locking pulses train was generated due to 

the balance between the GVD and nonlinearity effect inside the ring cavity. CW 

lasing was observed at around 32 mW pump power and the mode-locking laser 

operation was self-started when the pump power was increased to 39.3 mW. The 

mode-locking operation was maintained up to the pump power of 170.2 mW. It is 

also observed that no mode-locking pulses were observed when GO film was 

removed during the experiment, indicating the mode-locked laser operation was 

indeed introduced by the fabricated GO SA instead of the nonlinear polarization 

rotation.  

Fig. 1.6(a) shows the output optical spectrum of the mode-locked laser at the 

pump power of 120.1 mW. As shown in the figure, the laser operated at 1554.6 nm 

wavelength with a 3 dB bandwidth of 5.6 nm. Kelly sidebands are also clearly 

observed on both sides in the spectrum, indicating that the mode-locked operation 

was in anomalous dispersion soliton regime. Inter-correlation between dispersion and 

nonlinearity in the ring cavity produces a stable soliton pulses. Fig. 1.6 (b) shows the 

typical oscilloscope trace at 120.1 mW pump power, which indicates a stable mode-

locked pulse. The pulse train is uniform, but a slight distinct in amplitude is observed 

for each envelope spectrum due to Q-switching effect. The peak to peak period of the 

pulse train is measured to be 45.4 ns, which corresponds to the repetition rate of 22.0 

MHz. The obtained repetition rate matches with the cavity length of about 9 m.  

Fig. 1.6(c) shows the measured autocorrelation trace of the output pulse 

together with secant hyperbolic-fitting curve. The pulse duration was 0.8 ps and the 
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time-bandwidth product (TBP) was 0.52, which was slightly higher to the 0.315 of 

transform-limited sech2 pulses. This indicates that the optical pulse is slightly 

chirped. Fig. 1.6(d) illustrates the RF spectrum of the laser showing the fundamental 

cavity frequency of 22.0 MHz, which corresponds well to the cavity round-trip time 

of 45.4 ns. The electrical signal to noise ratio (SNR) was 35.8 dB, demonstrating the 

mode-locking state was stable.  

 

Fig. 1.6   Spectral and temporal characteristics of the soliton pulses train at pump 

power of 120.1 mW (a) Optical spectrum (b) typical pulse train (c) auto-correlator 

trace (d) RF spectrum. 

 

To check the stability, the pump power was changed and found that the mode-

locking state could start each time when the pump was retuned into the power range 

from 39.3 to 170.2 mW. It is observed that, the mode-locking operation became 

unstable and could not be observed when the pump power was increased above 170.2 

mW. Fig. 1.7 shows the relationship between the output average power and single 

pulse energy with respect to incident pump power. We found that both output power 

and pulse energy increase monotonously with the pump power. The slope efficiency 

of the mode-locked laser was 23.65 %. At the maximum pump power of 170.2 mW, 

the average output power and pulse energy were measured to be 33.7 mW and 1.53 

nJ, respectively. 
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Fig. 1.7   Average output power and pulse energy against pump power for the GO 

based mode-locked soliton EDFL 

 

1.5 CONCLUSION 

 

A mode-locked soliton fiber laser was successfully demonstrated using a simple and 

inexpensive GO based SA. The GO flakes obtained through a modified Hummers 

method were mixed with PEO as the host polymer to form a precursor solution. A 

suitable amount of precursor was spread thinly on the petri dish and let dry in the 

room temperature to form the film-based SA. The film is incorporated into an EDFL 

cavity to generate stable soliton pulses operating at 1554.6 nm. The pulses operated 

at repetition rate of 22 MHz and pulse width of 0.8 ps. generation. The maximum 

pulse energy of 1.53 nJ was obtained at the maximum pump power of 170.2 mW. 
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