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Abstract

:

This study demonstrates a passive mode-locked erbium-doped fiber laser with a graphene nanoplatelet-saturable absorber (GNP-SA) that generates ultrashort pulses within femtosecond pulse duration. The GNP-SA is fabricated via a direct transfer approach by mechanically exfoliated graphene on a fiber ferrule. Its characteristics include 0.8% modulation depth, 8.7 MW/cm2 saturation fluence, and 36.8% absorbance. The quality of ultrashort pulses is studied with a variation of intracavity circulating powers that is controlled through an optical coupler. By changing the light intensity in the cavity, the optical amplification property in the erbium-doped fiber is also impacted. The increment of the output coupling ratio increases the population inversion in the active gain medium, which leads to the change of lasing wavelength from 1558 to 1532 nm. Using a 50% output coupling ratio, the fiber laser generates 960 fs pulse duration, 11.08 MHz repetition rate, and 6.05 mW output power. This study contributes to the understanding of oscillating light behavior while changing its intracavity power that affects the optical amplification properties.
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1. Introduction


Fiber lasers have been rigorously investigated since the invention of erbium-doped fibers [1]. Rare-earth doped fibers are a highly efficient gain medium that provides excellent beam quality. Another advantage of fiber lasers is the scalability of their output power with an innovative design of double-clad fibers for multimode pumping schemes [2,3]. Owing to these advantages, fiber lasers have been demonstrated in various applications, such as high power [4,5], wide tunability [6,7], multi-wavelength [8,9], and ultrashort pulse applications.



The most sought-after trait of mode-locked ultrashort pulse laser systems in material processing applications is their capability to generate pulses at very high intensity with an extremely short interaction time. Not only would this allow materials such as metals [10] and ceramics [11] to be machined with exceptional precision, transparent and thermally sensitive media such as biopolymers [12] and glass [13] can be processed, too. To generate ultrashort optical pulses, there are two common techniques: active and passive mode-locking. For the active mode-locking method, an optical modulator is normally used to control the generated pulse durations [14,15]. Its operation relies on the response time of the optical modulator to modulate the oscillating light in the cavity as a result of longer pulse durations. In addition, the electronic driver must be synchronized with the round-trip time of the pulse, which creates another challenge for this technique.



The passive mode-locking technique is a popular choice as compared with active mode-locking techniques as they do not require external electronic components. In passive mode-locking, a nonlinear optical device called a saturable absorber (SA) is deployed in the cavity to generate ultrashort pulses. Optical pulses originated from noise fluctuations in the laser cavity. A noise spike of sufficient intensity will begin to saturate the absorber, reducing its losses. The noise spike will be further amplified in subsequent round trips, and the increased intensity will saturate the losses until a stable train of pulses eventually forms. Within these pulses, the central peak intensity saturates the SA more strongly than the pulse wings, leading to a further reduction in the pulse duration. The absorption of the SA decreases with the increment of input optical intensity.



Material-based fiber SAs have attracted lots of attention due to their versatility of full integration with other optical components in fiber laser designs. The early concept of this SA was proposed by Set et al. [16] utilizing carbon nanotubes (CNTs). The proposed device incorporated a CNT layer between two substrates; however, a few bulk optics were still required to focus the light beam for effective interaction. To rectify the requirement of optical alignment using bulk optics, CNTs can be embedded with other polymers to function as a SA in the form of a thin film [17]. For this setup, the CNT thin film can be sandwiched between two fiber ferrules eliminating the requirement of optical alignments. This approach can also be applied to graphene as the nonlinear material in polyvinyl acetate [18] and polyvinyl alcohol [19] as the host polymer. Placing a graphene/polymer thin film on the fiber ferrule is proven to be a simple approach, as demonstrated in the 1.56 μm [20,21,22] and the 2.1 μm [23]. In addition to graphene, various materials have been demonstrated to generate ultrashort pulses using this technique: zinc phthalocyanine [24], titanium carbide MXene [25], gallium antimonide [26], zirconium disulfide [21], alpha ferric oxide [27], and lanthanum hexaboride [28].



In addition, another technique of optical deposition is also explored to attach graphene directly to the fiber ferrule surface [29]. This approach was first reported based on the CNT material [30,31]. The optical deposition relies on the interaction between the injected light and material-dispersed solution. In this technique, by dipping the cleaved fiber into the material-based solution while injecting laser light, the material is attracted to the fiber core. The thickness of the material on the fiber core can be controlled by adjusting its deposition time and the intensity of laser light [30].



Last but not least, the simplest method of depositing graphene is found by the breakthrough discovery of peeling off graphite layer-by-layer using Scotch tape [32,33]. This discovery is also known as mechanical exfoliation which can be applied directly in fabricating graphene-based SA using fiber ferrules [34]. The fabricated multi-layered graphene SA produced about 3.2 ps pulse duration based on the estimation of the transform-limited soliton theorem. Besides graphene, this technique has been utilized for other materials; black phosphorus [35,36], platinum diselenide [37], rhenium disulfide [38], molybdenum disulfide [39], and graphene/indium selenide [40]. Mechanical exfoliation can also be adopted with mirror-based SA that has been incorporated in fiber laser setups that cover 2.8 μm (graphene [41] and indium selenide [42]) and 3.5 μm (black phosphorus [43] and single-walled CNTs [44]).



Our group has also successfully developed multi-layered graphene SA on fiber ferrule using this technique [45,46]. Previous works focused on the ultrashort pulse generation in a single- [45] and a dual-wavelength laser system [46]. In this work, we demonstrate the performance of soliton mode-locking generated from graphene nanoplatelet (GNP) as the SA by changing intracavity losses. The GNP in bulk form is transferred to a fiber ferrule, and then it is mechanically exfoliated. The fabricated GNP-SA is tested in a ring cavity erbium-doped fiber laser (EDFL) with a variation in output coupling ratios from 10% to 50%. The feedback reflectivity determines the population inversion level of the active gain medium. As a result, optical amplification in the gain medium becomes dynamic, which dictates the ultrashort pulse performance.




2. Graphene Nanoplatelet Powder


The preparation of GNP powder has been described in [47]. The expanded graphite (3772, Asbury Carbons, Inc., Asbury, NJ, USA) is thermally exfoliated for ten seconds at 950 °C. To exfoliate expanded graphite, 0.1 g of the expanded fluffy powder is steeped for 24 h in 100 mL of a mixture containing sulfuric acid (V(H2SO4)) and nitric acid (V(HNO3)). The treated expanded graphite is then rinsed ten times in deionized water using the centrifuge technique to eliminate extra acids. To exfoliate further, the processed expandable graphite is ultrasonicated utilizing a probe sonicator (QSonica Q700) in ethanol solution (0.1 mg/mL). The sonicated sample is centrifuged at 5000 rpm, and the residue is oven-dried at 60 °C for 12 h to produce GNP powders.



Figure 1 compiles the material characterization of the synthesized GNP powder. Figure 1a depicts the absorption spectrum of the GNP powder using a Shimadzu UV-1601 UV-visible spectrophotometer. The conventional graphite material’s p-plasmon activation provides a maximum absorbance of 260 nm [47]. Furthermore, the gapless material transition of graphene has extensive absorbance at 270 nm [47]. The absorption peak of GNP powder seen at 267 nm, based on experimental data, reveals that this substance is formed of many layers. As shown in Figure 1b, a Renishaw inVia Raman microscope with laser excitation at 532 nm is employed to obtain the Raman spectrum of GNP powder. The GNP powder is determined to have a multi-layered structure since the I2D/IG ratio is less than two (0.53) [48].




3. Saturable Absorber Characteristics


To fabricate GNP-SA, the mechanical exfoliation method was chosen, as illustrated in Figure 2. This technique has been elaborated on in our previous work [45]. In this technique, a clean fiber channel/physical contact (FC/PC) connector is first coated with an index-matching gel. Then it is dipped in a bulk amount of graphene powder and after pulling out the FC/PC connector, a small amount of graphene nanoplatelet is attached on a fiber ferrule with the help of an adhesive provided by the index matching gel, as shown in Figure 2. To minimize its thickness, Scotch tape is utilized to remove the crumpled graphene layer by layer. This process is repeated a few times until a very thin layer of graphene is seen on the fiber ferrule. Then, it is connected to another FC/PC connector using a fiber adapter to assemble a GNP-SA.



First, it is important to understand the optical characteristics of the fabricated GNP-SA. For optical transmission measurements, a broadband amplified spontaneous emission (ASE) source (Amonics model ALS-CL-17-B-SC) is applied. For the measurement of the reference spectrum, the ASE source is connected to a Yokogawa AQ6370B optical spectrum analyzer (OSA) with a resolution bandwidth set at 0.02 nm. The fabricated GNP-SA is then positioned between the ASE source and the OSA. The transmission spectrum is measured and then compared with the reference. Figure 3 depicts the transmission of the GNP-SA from 1525 to 1575 nm. This transmission loss includes the insertion loss that occurs between the fiber ferrules and the GNP material. For this work, the transmission was more than 60%, which translates to a maximum loss of 40% only in the entire wavelength range.



For nonlinear absorption measurement, a balanced twin detector approach was employed, as depicted in Figure 4. The experimental setup consists of a pulsed laser source (PLS) with a center wavelength of 1560 nm, a pulse repetition rate of 250 MHz, and pulse duration of 117 fs. A variable optical attenuator (VOA) is used to vary the PLS power as the input variable. A 50/50 optical coupler divides the optical route evenly between path A and path B. Between the VOA and the 50/50 optical coupler, an isolator is inserted to prohibit any back-reflected signal from propagating to the PLS. Path A is utilized to measure the reference power, while path B is meant to measure the power-dependent transmission. The GNP-SA is placed in path B as the device is sensitive to the input power variation. The optical power of both signals is measured using two identical optical power meters (OPMs), namely OPM1 and OPM2.



The nonlinear absorption curve of GNP-SA is depicted in Figure 5. In accordance with the progression of the curve, the absorbance declines rapidly at first, then slowly towards the saturation regime. To determine the characteristics of a SA, the nonlinear saturable absorption equation [49] was chosen as follows:


  α  ( I )  =    α s    1 +  I   I  s a t       +  α  n s   ,  



(1)




where   α  ( I )    is the intensity-dependent absorption,    α s    is the saturable absorbance (modulation depth, MD),  I  is the laser intensity,    I  s a t     is the saturation intensity, and    α  n s     is the non-saturable absorbance. Figure 5 depicts the measured nonlinear absorption of the GNP-SA with its curve fitting from Eqn. 1. From the analysis, the GNP-SA produces a modulation depth of 0.8%, non-saturable absorbance of 36.8%, and saturation intensity of 8.7 MW/cm2.




4. Experimental Setup


Figure 6 depicts the experimental setup of a mode-locked EDFL using the homemade GNP-SA. A 975 nm pump laser diode (LD) with a maximum power of 99 mW was employed as the excitation source. This pump light is coupled to a 5 m long erbium-doped fiber (EDF) via a 980/1550 nm wavelength division multiplexer (WDM). The EDF has a 5.2 dB/m absorption coefficient at 1530 nm, 0.19 numerical aperture, and 8.5 mm mode field diameter. The GNP-SA is positioned between two isolators (ISOs), namely ISO-1 and ISO-2. This arrangement is critical to ensure unidirectional light propagation. In addition, by having two isolators, back-reflections from the GNP-SA can be avoided. The presence of back-reflected light is generated at the interface between fiber ferrule and GNP material due to the refractive index difference. By using this arrangement, multiple reflections that degrade laser stabilities can be completely rectified. A polarization controller (PC) is inserted in the laser cavity to regulate the polarization state and optimize cavity birefringence impacts.



The output of the PC was coupled to an optical coupler (OC) which was the variable parameter in this study. Five different sets of OCs were tested in the laser cavity, namely 10/90, 20/80, 30/70, 40/60, and 50/50. The variable output coupling ratio was determined by changing the output arm for all couplers. Therefore, there were two sets of output coupling ratios for each OC except the 50/50 OC. The laser cavity consisted of three types of optical fibers: 8.4 m length of Corning SMF-28, 1 m length of Corning Hi-1060 fiber, and 5 m length of Lucent Technologies HP980 EDF. The dispersion coefficient, β2 at 1550 nm for the SMF-28, Hi-1060 SMF, and EDF were −22, −7 and 23 ps2/km, respectively. The total group velocity dispersion of the laser setup was −0.077 ps2, which confirms its operation in the anomalous dispersion regime.




5. Pulse Laser Performance


In this work, nine sets of experiments were conducted to determine the efficiency of generating ultrashort pulses. From these, four sets of experiments that used 60%, 70%, 80% and 90% arms as the output coupling ratio cannot produce stable lasers. Therefore, only five sets of experiments that generated stable lasers are analyzed throughout this report. Figure 7a shows the laser output for a 30% output coupling ratio at 99 mW pump power as an example of the analysis. The central wavelength of the laser is about 1557.5 nm, which indicates moderate population inversion of the erbium system. Its spectral bandwidth of 3.78 nm is obtained from this arrangement. It is important to note that the laser spectrum consists of symmetrical Kelly sidebands as the indication of mode-locked pulse formation in the cavity. We also confirm this pulse phenomenon with the presence of a pulse train in the oscilloscope that is measured simultaneously. Figure 7b depicts the central lasing wavelength and associated spectral bandwidth from 10% to 50% output coupling ratio. The pulse formation is also confirmed by the appearance of a pulse train in the oscilloscope, as previously explained.



For the analysis of spectral bandwidth, the largest value of 3.78 nm is observed using a 30% output coupling ratio. While the lowest value of 2.31 nm is recorded using a 10% output coupling ratio. Furthermore, the spectral bandwidth value is also decreased to 2.66 nm. The lasing bandwidth is associated with the strength of the soliton mode-locking mechanism that is influenced by the balance of dispersion and nonlinearity. However, the former factor is almost negligible because the total length and type of fiber are kept constant throughout the experiment. Thus, the latter factor is the main contributor to this observation, which can be explained by the dynamics of light amplification in the EDF. In this case, the 30% output coupling ratio is the optimum condition to harness the widest spectral bandwidth that leads to the shortest pulse formation.



To explain the lasing wavelength properties, it is important to relate this phenomenon with the condition of population inversion level in the EDF. Based on the Giles parameter in the classical optical amplifier model, the gain coefficient    G c   ( λ )    of the EDF is governed by the following equation [50]:


   G c   ( λ )  = η  (  g  ( λ )  + α  ( λ )   )  − α  ( λ )   



(2)




where η is the population inversion factor, g(λ) and α(λ) are the wavelength-dependent emission and absorption coefficient, respectively. The population inversion value is the key parameter to determine the peak gain that determines the lasing wavelength in a cavity. To relate between the gain coefficient and intracavity power associated to this work, a schematic diagram is drawn, as illustrated in Figure 8a. To simplify, we present two conditions of intracavity power: low (X) and high (Y). Similarly, in this case, X and Y represent high and low output coupling ratios, respectively.



Referring to Figure 6, the EDF is injected by the 0.98 μm pump light in a forward-pumping scheme. The circulating light (1.53–1.56 μm) and 0.98 mm pump light propagate in the same direction at the EDF input as illustrated in Figure 8b. The pump energy is absorbed at the input end of the EDF, and most of the electrons are excited to a higher energy level. However, the number of photon counts for X and Y are different. For Y, since the intracavity power is larger, more photons are generated through stimulated emission processes. Under this condition, more energy at the pump light is absorbed. Towards the end of EDF, the pump energy is absorbed faster which leads to a greater length of pump depletion region represented by the shaded area. Under this situation, signal re-absorption occurs as a result of lesser energy in the wavelength range of 1.53–1.56 μm. In this scenario, the EDF is operated in deep saturation level (low population inversion level). In comparison to X, the signal re-absorption process is lower since the pump depletion region is shorter. The EDF saturation level is also lower (high population inversion level) and results in larger output powers for the 1.53–1.56 μm light.



The population inversion factor plays a critical role in determining the lasing wavelength. It is subjected to the gain profile of the material used in the laser cavity. To illustrate its impact, Figure 8c depicts the normalized EDF gain using different population inversion values. The emission and absorption coefficients are obtained from the optical fiber manufacturer. From Equation (2), the value of the population inversion is varied. These values are not accurate and are purposely chosen to elaborate the lasing wavelength phenomenon. As shown in Figure 8c, as the intracavity power increases, the population inversion level decreases. Based on Equation (2), the estimated value of the population inversion level is in the range of 58–65%. When the population inversion is around 65%, the lasing wavelength occurs at about 1530 nm (blue arrow), the highest peak of the EDF gain. When the population inversion level reduces to 58%, the lasing wavelength shifts to longer wavelengths. The lasing wavelength takes place in the range between 1556 and 1560 nm, represented by the green and red arrows. In relation to the experimental findings (Figure 7), a lasing wavelength longer than 1556 nm is recorded for all output coupling ratios smaller than 50%. There is an increment trend of the lasing wavelength when the output coupling ratio is decreased; the population inversion level is also decreased. The longest lasing wavelength of 1558.9 nm is recorded using a 10% output coupling ratio. The lasing wavelength of 1531.9 nm is attained using a 50% output coupling ratio (high population inversion level). These results indicate that by changing the feedback reflectivity (intracavity power), the population inversion can be adjusted accordingly.



The measured pulse train in the time domain using the 30% output coupling ratio is shown in Figure 9a. For this measurement, the pump power of 975 nm LD is set at 99 mW. The oscilloscope trace indicates a clean pulse train with 89.37 ns time separation between subsequent pulses. In fact, there is no indication of the presence of other soliton phenomena, such as harmonic and multiple pulses. The round-trip time of 89.37 ns represents a pulse repetition rate of 11.19 MHz which is in agreement with the total cavity length of 14.4 m. Figure 9b portrays the value of the repetition rate for all output coupling ratios from 10% to 50%. The repetition rate value fluctuates between 11.08 and 11.19 MHz, which is considered almost constant. This small variation is caused by small differences in the fiber length by changing the optical coupler.



Figure 10a illustrates the frequency domain trace obtained from a radio frequency (RF) spectrum analyzer using the 30% output coupling ratio. The RF spectrum indicates a stable pulse train with a power extinction ratio (PER) of 58.3 dB. This value occurs at 11.19 MHz fundamental frequency, which is matched with the value deduced from the oscilloscope trace from Figure 9a. For other output coupling ratios, the value of PER at the fundamental frequency is more than 53 dB, as shown in Figure 10b.



As illustrated in Figure 11a, the pulse duration of the 30% output coupling ratio at 99 mW pump power is evaluated. First, the pulse duration is determined by measuring the value of its full width of half maximum (FHWM) pulse duration. In this experiment, the FWHM value is 1250 fs. The pulse is fitted with the sech2 fitting curve, which has a 0.648 decorrelation factor. Based on this fitting, the actual pulse duration is 810 fs after multiplying with this decorrelation factor. The same analysis is applied to other output coupling ratios, and their pulse duration values are presented in Figure 11b. The slowest pulse occurs using a 10% output coupling ratio; however, this condition is already near to its transform-limited pulse by referring to the value of its time-bandwidth product (TBP) of 0.319. Although a 30% output coupling ratio produces the shortest pulse, its TBP value is recorded at 0.378. This indicates that the generated pulse is slightly chirped.



Figure 12a,b depict the evolution of average output power and pulse energy with respect to pump power at different output coupling ratios. In general, the average output power increases in tandem with pump power after the threshold power. The repetition rate of the pulse is almost constant; therefore, the pulse energy is also directly proportional to the pulse power. Figure 12c summarizes the value of the average output power and pulse energy at the maximum pump power of 99 mW. According to experimental results, the average output power rises as the output coupling ratio increases. This is owing to the increment of the OC loss as a result of the photon count reduction at the entrance of the EDF (after the WDM, refer to Figure 6). Since the pump power is maintained at 99 mW, the population inversion level in the EDF is also increased due to the reduction in the photon count. This is also translated to the reduction in gain saturation in the EDF, as explained previously. At the highest output coupling ratio of 50%, the amplification occurs in a longer section transversely; the pump depletion is the lowest compared with the other OCs. In this case, the pump depletion is inversely proportional to the increment of the output coupling ratio (refer to Figure 8b). For the situation of pump depletion, the amplified signal is reabsorbed in the region where the photon count number at signal wavelength is greater than that of pump wavelength. Therefore, the localized signal power along the EDF depends on the photon count number at the entrance of the EDF. The dynamic of this phenomenon leads to the quality of the pulse generated from this laser cavity.




6. Conclusions


In this work, we have investigated the performance of an ultrashort pulse generated by GNP-SA in mode-locked EDFL with the variation of output coupling ratio from 10% to 50%. The preparation of GNP-SA is made using the simple deposition method of mechanical exfoliation. To fabricate the SA, the bulk material of the graphene nanoplatelet is transferred onto a fiber ferrule with the help of the index-matching gel. The thickness of the GNP is minimized by layer-by-layer peeling using Scotch tape until a very thin layer of GNP is formed on the fiber ferrule. The fabricated GNP-SA has a 0.8% modulation depth, an 8.7 MW/cm2 saturation fluence, and a 63.2% transmission. The insertion of GNP-SA into a ring-cavity EDFL is responsible for ultrashort pulse generations. The property of lasing oscillation is dependent on the intracavity powers. For an output coupling ratio of less than 50%, the lasing wavelength is observed in the long wavelength range within 1557–1559 nm. This indicates that the EDFL operates at a low population inversion level. When the output coupling ratio is increased from 40% to 50%, the lasing wavelength is switched from 1556.8 nm to 1531.9 nm. The intracavity power is decreased, and therefore, the number of signal photons at the entry point of EDF is also reduced. In this situation, the saturation level of optical amplification in the active gain medium is also reduced. As a result, the output power is increased. The maximum output power of 6.05 mW is obtained using a 50% output coupling ratio, and the shortest pulse duration of 810 fs is achieved using a 30% output coupling ratio. From this work, the design of the fiber laser setup is highly influenced by the availability of the signal photon count at the input of EDF, which determines the optical amplification dynamics in the active gain medium.
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Figure 1. (a) UV–VIS spectrum and (b) Raman spectrum of GNP powder. 
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Figure 2. Fabrication of GNP-SA, A represents a FC/PC pigtail which the deposited GNP and B is another FC/PC pigtail for the mating process. 
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Figure 3. Transmission loss of GNP-SAs across conventional band (C-band) wavelength region. 
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Figure 4. Nonlinear saturable absorbance of SA measurement setup. 
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Figure 5. Nonlinear saturable absorbance properties of GNP-SA. 
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Figure 6. Experimental setup of mode-locked EDFL with GNP-SA (a) schematic diagram and (b) actual layout. 
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Figure 7. (a) Optical spectrum of EDFL generated by GNP-SA using a 30% output coupling ratio and (b) central wavelength and spectral bandwidth for different output coupling ratios. 






Figure 7. (a) Optical spectrum of EDFL generated by GNP-SA using a 30% output coupling ratio and (b) central wavelength and spectral bandwidth for different output coupling ratios.



[image: Applsci 13 04087 g007]







[image: Applsci 13 04087 g008 550] 





Figure 8. (a) Schematic diagram of light propagation in the EDF with variation of intracavity powers, (b) pump and signal light propagation profile in the EDF and (c) the normalized EDF gain with different population inversion levels. X and Y represent the condition of high and low output coupling ratios, respectively. 
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Figure 9. Pulse repetition rate of EDFL with GNP-SA; (a) oscilloscope trace of the output pulse for 30% and (b) different output coupling ratio values. 
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Figure 10. (a) RF spectrum using the 30% output coupling ratio and (b) the PER value at the fundamental frequency for different output coupling ratio values using 99 mW pump power. 
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Figure 11. Pulse duration of EDFL with GNP-SA; (a) autocorrelator trace of the output pulse using a 30% output coupling ratio and (b) the pulse duration value of different output coupling ratio values. 






Figure 11. Pulse duration of EDFL with GNP-SA; (a) autocorrelator trace of the output pulse using a 30% output coupling ratio and (b) the pulse duration value of different output coupling ratio values.



[image: Applsci 13 04087 g011]







[image: Applsci 13 04087 g012 550] 





Figure 12. (a) Power and (b) energy development of EDFL with GNP-SA for different output coupling ratio values. (c) The value of output power and energy at the maximum pump power for different output coupling ratios. 
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