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Abstract: This paper presents the generation and characterization of femtosecond pulses utiliz-
ing graphene-polymethyl-methacrylate (PMMA) thin-film saturable absorber (SA), which is sub-
jected to different lengths of single-mode fiber (SMF) in an erbium-doped fiber laser cavity. The
graphene/PMMA-SA is prepared by using a simple transfer procedure of the thin-film on a fiber
ferrule. By increasing the SMF length from 0 to 4 m, the corresponding group velocity dispersion of
the entire cavity is estimated to change from —0.033 to —0.121 ps?. Analysis of the pulse performance
shows that the pulse width behavior varies from 820 fs to 710 fs against different cavity lengths.
Similarly, the pulse repetition rate and the spectral bandwidth can be adjusted from 12.5 to 10.0 MHz,
and from 8.2 to 5.6 nm, respectively. A comprehensive discussion on the pulse performance is
presented, which can contribute to widening the knowledge on the operation of graphene-based
soliton mode-locked erbium-doped fiber lasers based on dispersion management by controlling the
cavity length.
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1. Introduction

Research on ultrafast fiber lasers has been extensively conducted in efforts to reach
the optimized design and performance at the highest possible level, which can open up
wider possibilities of their applications [1-3]. Among the mechanisms used to generate
ultrafast fiber lasers, the saturable absorption effect in passive mode-locking has attracted
significant attention due to its advantage of low cost, high stability, high robustness, and
good beam quality [4-7]. Contrarily, the active mode-locking technique, which utilizes
optical modulator and external electrical devices, has limited flexibility in design. The
saturable absorption mechanism in passive mode-locking can be further classified into
either natural or artificial saturable absorbers (SAs). Artificial SAs, which are enabled by
nonlinear effects occurring in optical fibers, can be driven by several approaches, such as
nonlinear polarization rotation [8,9], nonlinear amplifying loop mirror [10-12], and nonlin-
ear optical loop-mirror [1]. They can offer automatic self-start-up of mode-locked operation
even without manual triggering conditions, as required by most of their natural analogs [1].
Furthermore, their properties of a high damage threshold and easy implementation in
a fiber laser cavity are also attractive factors. However, there is still a considerable chal-
lenge in achieving the shortest possible pulse duration by using this technique, and their
vulnerability towards environmental changes also still remains a problem. Concurrently,
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passive mode-locking by natural saturable absorbers has emerged as the preferred strategy
to generate ultrashort pulse, due to their excellent optical properties and high compatibility
with fiber laser systems.

Recently, various kinds of materials from the group of topological insulators [13-15],
transition metal dichalcogenides [16-19], and transition metal oxides [20,21] have been
widely explored and demonstrated as new potential saturable absorbers. MXenes, black
phosphorus, metal-organic frameworks, bismuthene, and antimonene are among the 2D
materials that have attracted considerable research interest in their application as saturable
absorbers due to their unique optical properties [22-25]. It is important to point out that
the rise and advancement of these materials has been initiated following the success of
graphene, the pioneer of all 2D materials as a versatile saturable absorber, which is still
remarkable to date [26-29]. The superiority of graphene for saturable absorber applications,
which is highlighted in the recent review by X. Peng et al. [30], also deserves to be mentioned.
It is undeniable that graphene possesses a short recovery time, zero bandgap energy, ultra-
broadband absorption, gapless linear dispersion of Dirac electrons, high modulation depth,
and wide absorption wavelength bandwidth, which are desirable for femtosecond pulse
generation [30].

In general, femtosecond pulse lasers realized by soliton mode-locking are very useful
for absolute distance measurement [31], optical sensing [32], and coherent communication [33]
due to their high laser stability and high pulse quality with a low chirp. The net anomalous
dispersion from the soliton-based mode-locked regime is an advantage in balancing the
mutual effect of dispersion and non-linear Kerr effect imposed on the pulse propagation [34].
In expanding the capability of soliton mode-locked fiber lasers, several attempts have been
made to produce tunable pulse width, repetition rate, or spectral bandwidth of the laser
output [35,36], which are normally achieved by introducing the filtering effect. However,
the dependence of the aforementioned pulse characteristics on cavity dispersion has not
been thoroughly determined. Thus, analysis of the spectral and temporal characteristics
of the output pulses based on the net cavity dispersion is still necessary. This has led
to research progress on tuning the net cavity dispersion for optimizing the output pulse
between negative and normal dispersion regime [37], as well as within the stretched-pulse
regime [38] in thulium- and holmium-doped fiber lasers, respectively. In this regard, there
is still room for knowledge enhancement to further investigate the similar tuning effect in
other dynamics of fiber lasers, particularly within the anomalous dispersion regime.

We are interested in investigating the dispersion behavior in graphene-based soliton
mode-locked erbium-doped fiber lasers (EDFL), and its influence on the pulse performance
by tailoring the cavity length. For this purpose, the length of single-mode fibers (SMF) in the
cavity is reduced gradually from 4 m to 0 m while keeping other fiber lengths constant. The
mode-locked operation is enabled by graphene/PMMA thin film as SA, which is prepared
by using a simple transfer procedure of the thin-film on a fiber ferrule. The laser and pulse
characteristics are investigated within the net cavity dispersion ranging from —0.033 to
—0.121 ps?, which falls in the anomalous dispersion regime. Pulse duration as short as
710 fs is generated from this proposed laser at the net dispersion closest to zero, while the
maximum energy of 599.52 p] is obtained at the highest value of the anomalous dispersion.

2. Structural Characterization of Graphene Polymer Thin Film (GPTF)

In this work, the graphene material is obtained from ACS Material, LLC which takes
the form of a bilayer structure, consisting of polymethylmethacrylate (PMMA) as the
protective layer to the graphene layer deposited on a polymer substrate. Figure 1a—c shows
the purchased Trivial Transfer Graphene™, its schematic structure, and 3D profiler image
of graphene polymer thin film (GPTF), respectively. As can be seen from Figure 1c, there
are two distinctive colored areas: “blackish” and rainbow-like. The “blackish” region
indicates the polymer substrate with non-uniform thickness, whereas the interference-
induced rainbow-colored region denotes the graphene/PMMA thin film. The thin-film
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interference is generated by the path difference of the light ray refraction phenomenon at
the air-PMMA boundary close to the polymer substrate.

Trivial Transfer Graphene
(Single Layer, 1cm x 1c¢m)

Product No.:TTG10011

.: (866)-227-0656 contact@acsmater
C (781)-518-0284 www.acsmateria

Figure 1. (a) Trivial Transfer Graphenem, (b) schematic diagram, and (c) 3D profiler image of GPTF
(PMMA and graphene layer) on polymer substrate.

3. Fabrication of Graphene/PMMA-SA

First and foremost, the GPTF is detached from the polymer substrate using drops
of deionized (DI) water. This wet GPTF is then placed on a filter paper before cutting it
into a size of 1 mm x 1 mm, as shown in Figure 2a, to be placed on a fiber facet. Through
the adhesion effect, the GPTF remains stuck to the fiber facet. The wet filter paper is then
removed from the GPTF by using tweezers, as shown in Figure 2b, and the GPTF is left to
dry on the fiber facet for five minutes, as shown in Figure 2c. Finally, the fiber ferrule with
the GPTF is connected to another clean fiber ferrule through a fiber adaptor to form the
sandwich-structured graphene/PMMA-SA, as illustrated in Figure 2d.

The composition of the transferred GPTF on the fiber ferrule is characterized by using
EDX spectroscopy, and the result is illustrated in Figure 3. The elements “Si” and “O”
indicate the bare element of silica optical fiber, with their respective weight percentage
of 19.62% and 33.15%. The presence of element “Zr” with a weight percentage of 12.56%
originates from the ceramic zirconia fiber ferrule. The element “Ge” is the germanium
ions for silica fiber dopant. Graphene material, represented by element “C”, remarks
the highest weight percentage of 34.67%. The high purity of each material composition
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has been confirmed based on the absence of other chemical elements observed from the

EDX spectrum.

oK

Figure 2. (a—d) Fabrication procedures of graphene/PMMA-SA.

Element Weight (%) Atomic (%)
C 34.67 49.81
(0} 33.15 35.76
Si 19.62 12.06
Zr 12.56 2.38
o 6 L Appeeepee i(eV'

Figure 3. EDX spectra of the deposited GPTF on a fiber core.

4. Optical Characterization of Graphene/PMMA-SA

The optical transmission measurement of the graphene/PMMA-SA is carried out
by using a broadband amplified spontaneous emission (ASE) source (Amonics ALS-CL-
17-B-5C), and a Yokogawa AQ6370B optical spectrum analyzer (OSA) within a 1525 to
1656 nm wavelength range. Figure 4 shows the result of the measurement, which indicates
that the transmission loss of the graphene/PMMA-5SA is less than 0.6 dB across the entire
wavelength range. Previous reports have proved graphene to be the broadband SA, which
could cover as wide as al000 nm to 2000 nm wavelength range [39]. However, the charac-
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terization of graphene/PMMA-SA beyond the C-band region could not be demonstrated
due to the operational wavelength limitation of the available OSA and ASE source used in

this work.
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Figure 4. Transmission loss of graphene/PMMA-SA across C-band wavelength region.

The nonlinear optical properties of the graphene/PMMA-SA are characterized by
employing a balanced twin detector method, which consists of an M-fiber Menlosystem
pulsed fiber laser source with a central wavelength of 1560 nm, pulse repetition rate
of 250 MHz, and pulse duration of 117 fs. Figure 5 illustrates the nonlinear saturable
absorbance of graphene/PMMA-SA, which can be well-fitted by a solid curve based on the
nonlinear saturable absorbance formula [40], as expressed in Equation (1),

W(I) = ‘XOI + @ps @

where «(]) is the intensity-dependent absorption coefficient, I is the saturation intensity,
g is the saturable absorbance (modulation depth, MD), I is the peak intensity, and ay;s
is the non-saturable absorbance. Based on the curve fitting, the modulation depth and
saturation intensity of graphene/PMMA-SA are estimated to be approximately 0.8% and
2.2 MW /cm?, respectively. This encourages great prospects of the graphene/PMMA-
SA to perform effectively in generating ultrafast fiber lasers. In addition, the PMMA
also holds graphene firmly in place on the fiber facet to ensure its interaction with the
waveguided light.
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Figure 5. Nonlinear saturable absorbance properties of graphene/PMMA-SA.
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5. Experimental Setup

Figure 6 shows the experimental setup of graphene-based mode-locked EDFL. The
laser cavity initially consists of 5 m long Lucent HP980 EDEF, 1 m long Corning Hi-1060 fiber,
and 10.4 m long Corning SMF-28. The EDF, which has a signal absorption coefficient of
3.5 dB/m at 1530 nm, is pumped by a 975 nm laser diode (LD) with a maximum operating
power of approximately 100 mW via a 980/1550 nm wavelength division multiplexer
(WDM). Two isolators, namely ISO-1 and ISO-2, are used to ensure unidirectional signal
oscillation within the cavity in an anti-clockwise direction. The graphene/PMMA-SA
fabricated in this work is placed in between ISO-1 and ISO-2. Since the fabricated SA is
based on sandwiched-type thin film, there is a possibility of Fresnel reflection at the interface
between fiber ferrule and the thin film itself. In this setup, ISO-1 is utilized to prevent the
Fresnel reflection from entering the EDF. On the other hand, ISO-2 is employed to ensure
that the backward light propagation from the EDF cannot reach the graphene/PMMA-SA,
which leads to another Fresnel reflection phenomena. A polarization controller (PC) is
used to control the polarization state of the signal, which is connected to the output of
ISO-2. A 3-dB coupler is used to tap out 50% of the signal for analysis, while the other 50%
of the signal is channeled back to the WDM to form the laser cavity. Analysis of the net
cavity dispersion and the output performance commences with the additional SMF length
of 4 m in the cavity. The additional SMF is trimmed by 0.5 m for each trial until the length
is finally reduced to 0 m. The optical spectrum is measured by the OSA. The pulse train
is monitored by a digital phosphor oscilloscope (Tektronix TDS 3012C) through a D-8IR
Picometrix photodetector. The radio frequency (RF) signal is monitored by an RF spectrum
analyzer (GW INSTEK GSP-830). Measurement of the pulse duration is performed by using
an Alnair HAC-200 autocorrelator.

975 nm LD

2% 3-dB
coupler

Figure 6. Experimental setup of graphene-based mode-locked EDFL.

6. Dispersion Management of the Mode-Locked Laser

The dispersion coefficient, §, of the SMF-28, Hi-1060 fiber and EDF at 1550 nm are
—22 ps?/km, —7 ps?/km, and 23 ps?/km, respectively. The estimated net group velocity
delay (GVD), according to a different total length of SMF-28 that ranges from 10.4 m to
6.4 m in the cavity, is shown in Table 1. Starting from the net GVD value of —0.121 ps? for
10.4 m long SMF-28, it can be seen that every decrease of 0.5 m length results in a constant
increase in the net GVD of approximately 0.011 ps?. This corresponds to a net GVD of
—0.033 ps? at the shortest SMF-28 length of 6.4 m. It can be deduced that while all the net
GVD values obtained lie in the anomalous dispersion regime, the value trends towards
zero-dispersion with shorter lengths of the SMF-28. For a real dispersion managed fiber
laser, the net cavity dispersion is made to switch from anomalous dispersion to near-zero
dispersion, and, subsequently, to net-normal dispersion, as reported in Refs. [10,41]. This
results in a large change in pulse operation regime from soliton to stretched-pulse, and to
dissipative soliton mode-locking, respectively.
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Table 1. Estimated net GVD against different lengths of SMF-28.

Fiber Length (m) Fiber GVD (ps?) Net GVD (ps?)
SMEF-28 EDF Hi-1060 SMEF-28 EDF Hi-1060
10.4 —0.23 —-0.121
9.9 —0.22 —0.110
94 —0.21 —0.099
8.9 -0.2 —0.088
84 5 1 -0.19 0.115 —0.007 —0.077
79 —-0.17 —0.066
74 —0.16 —0.055
6.9 —0.15 —0.044
6.4 —0.14 —0.033

7. Results and Discussions

With appropriate PC adjustment, a stable self-starting mode-locked fiber laser is
achieved at the pump power of 27.1 mW. Figure 7 shows the mode-locked characteristics
of the fiber laser taken for 2 m length of additional SMF-28 at a pump power of 80 mW. As
measured from the OSA, the mode-locked output spectrum has a central wavelength of
1556.2 nm, which matches the gain profile of the EDF [42], and a 3-dB bandwidth of 7.47 nm,
as shown in Figure 7a. The existence of multiple Kelly’s sidebands validates that the pulse
belongs to conventional soliton. By using a sech? fitting in the autocorrelation trace, the full
width at half maximum pulse duration (tpwim) is 730 fs (Figure 7b). The experimental result
agrees well with the theoretical sech? curve fitting, with no indication of pulse breaking or
pulse pair generation, thus confirming the soliton-like operation of the mode-locked pulse.
The corresponding time-bandwidth product (TBP) is estimated to be 0.676. The pulse train
measured from the oscilloscope is shown in Figure 7c, where the pulse repetition rate and
the time interval between pulses are 11.19 MHz and 0.0894 s, respectively. The absence of
spectral modulation proves that the Q-switching instability does not exist, thus verifying
good stability of the mode-locked pulse operation. From the RF measurement, the peak-to-
pedestal extinction ratio (PER) at the fundamental repetition rate is approximately 41 dB,
which is measured with about 1 MHz frequency span and 30 kHz resolution bandwidth, as
shown in Figure 7d. The central frequency of the fundamental pulse is about 11.19 MHz,
which is tallied with the value obtained from the oscilloscope trace. The RF spectrum with
a span of 200 MHz is shown in Figure 7e, which indicates an evenly spaced frequency
interval of approximately 11.19 MHz, thus further verifying the stability of the mode-locked
pulse operation.

Similarly, we experimentally investigate the mode-locked output characteristics at
other lengths of the SMF-28. The spectral bandwidth of the optical spectrum for every
different length of the SMF-28 is measured, and the results are divided into three distinct
regions according to a degree of the wideness of the spectral bandwidth, as shown in
Figure 8. Each region corresponds to a certain range of spectral bandwidth, with only
slight variation between one another. Region 1 has the broadest spectral bandwidth of
more than 8 nm, which is achieved when employing the additional SMF-28 length of
0 m and 0.5 m. A narrower spectral bandwidth of approximately 7.5 nm is measured in
Region 2, which consists of 1 to 2.5 m of the additional SMF-28. The narrowest spectral
bandwidth is acquired between 5.5 and 6 nm when the SMF-28 length is above 3 m, as
shown in Region 3. This infers that the spectral bandwidth increases when the SMF-28
length decreases, corresponding to the increment of the net GVD negative value.
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Figure 7. Mode-locked output characteristics; (a) optical spectrum, (b) autocorrelation trace, (c) pulse
train, (d) RF spectrum at the fundamental frequency peak, and (e) RF spectrum at 200 MHz span.
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Figure 8. Spectral bandwidth of the laser output against different SMF-28 lengths.

The pulse repetition rate behavior for different SMF-28 lengths taken at the same
pump power of 80 mW is plotted in Figure 9. A decreasing pattern of the pulse repetition
rate from 12.5 to 10.0 MHz is observed, with a consistent interval of about 0.3 MHz for
every increase of 0.5 m length SMF-28. This justifies that the experimental value of the
pulse repetition rate matches well with the computed pulse cavity round-trip time for each
total cavity length that ranges from 11.4 to 15.4 m.

Analysis of the pulse duration against different lengths of SMF-28 is made based on the
graph plotted in Figure 10. The experimental findings show that a shorter pulse duration
of the mode-locked EDFL is attained with a shorter cavity length, from the highest value
of 820 fs at 4 m length additional SMF-28, to the lowest value of 710 fs at 0 m additional
SMF-28. This agrees with the inverse correlation between pulse duration and spectral
bandwidth of the mode-locked EDFL, as presented in Figure 8. The corresponding TBP
value decreases gradually from 0.719 to 0.573, with increasing SMF-28 length from 0 to 4 m.
All the obtained TBP values for all SMF-28 lengths are slightly higher from the expected
transform-limited sech? pulse of 0.315, which indicates minor chirping in the pulse due to
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residual dispersions in the laser cavity. Since the TBP value decreases with SMF-28 length,
the minor chirping is deduced to be inversely proportional to the length of SMF-28.
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Figure 9. Fundamental pulse repetition rate at various additional SMF-28 lengths.
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Figure 10. Pulse duration measurement at different additional SMF-28 lengths.

The pulse stability of the mode-locked EDFL at different SMF-28 lengths is examined
by analyzing the PER of the RF signal at the first-order pulse. In this measurement, the
RF spectrum analyzer is set to a span of 1 MHz and a resolution bandwidth of 30 kHz.
Figure 11 shows the recorded PER value based on different lengths of SMF-28 used. It is
observed that the PER value fluctuates across 0 to 4 m range of the SMF-28 length, with the
maximum value of 40.98 dB obtained at 2 m length, and the minimum value of 39.88 dB
recorded at 0.5 m length.

The development of the average output power and pulse energy against pump power
for different additional SMF-28 lengths are shown in Figure 12a,b, respectively. From
Figure 12a, it can be observed that after reaching the similar continuous wave (CW) lasing
threshold of 12.8 mW), all the graphs exhibit a linear increment of the average output power
with respect to the pump power. As for the case of pulse energy evolution in Figure 12b,
starting from the mode-locking threshold of 27.1 mW, the pulse energy increases linearly
with respect to pump power for all different lengths of the SMF-28. The mode-locking
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threshold achieved in this work is relatively low for a graphene-based mode-locked fiber
laser in the C-band region [43-45], which is attributed to the low transmission loss of the
fabricated graphene/PMMA thin film of 0.6 dB. From the perspective of the average output
power and pulse energy variation with respect to the length of additional SMF-28, it can be
deduced that the longer the fiber, the higher the resulting average output power and pulse
energy. Based on the results, the value of maximum average output power, maximum
pulse energy, and power slope efficiencies for each respective length of additional SMF-28
are tabulated in Table 2. The maximum average output power and maximum pulse energy
increases from 4.93 to 5.99 mW and from 391.47 to 599.52 pJ, respectively, as the SMF-28
length increases from 0 to 4 m. It must be noted that the maximum average output power
and pulse energy are not limited to these values, and higher values are expected to be
obtained if a laser diode with a higher pump power is used. However, since this work is
limited by a maximum available pump power of ~100 mW, further demonstration of the
average output power and pulse energy above that pump power could not be demonstrated.
Similarly, the power slope efficiency also increases from 5.70% to 6.76% with the increase in
SME-28 length.

PER (dB)

=
39»8 1 T T T T T
0.5 1 L5 2 2.5

Additional SMF length (m)

Figure 11. PER measurement of the mode-locked signal at different additional SMF-28 lengths.
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Figure 12. (a) Output power and (b) pulse energy evolution against pump power for different
additional SMF-28 lengths.
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Table 2. Summary of power development and pulse energy evolution of the mode-locked EDFL at
different SMF-28 lengths.

Maximum Average Maximum Pulse Average Output Power
Additional SMF Length (m) Output Power Energy Slope Efficiencies

(mW) (P (%)
0.0 4.93 391.47 5.70
0.5 5.12 419.25 5.75
1.0 5.01 428.33 5.67
1.5 5.13 456.82 5.80
2.0 5.40 484.93 6.12
2.5 5.26 526.15 5.93
3.0 5.82 539.49 6.41
3.5 5.68 567.28 6.56
4.0 5.99 599.52 6.76

8. Conclusions

We have investigated the dispersion management in graphene/PMMA-based soliton
mode-locked fiber lasers within anomalous net cavity dispersion ranging from —0.033 to
—0.121 ps? by controlling the length of SMF-28 in the cavity. Experimental outcomes show
that shorter SMF-28 length possesses a net cavity GVD value closer to zero. The proposed
system is capable of delivering pulse duration from 710 to 820 fs and maximum pulse
energy from 391.47 to 599.52 p] with the increment of SMF-28 length. On the other hand,
the spectral bandwidth becomes wider from 5.6 to 8.2 nm with the decrement of SMF-28
length. In addition, the TBP value can be adjusted to be closer to 0.315 by employing a
laser cavity with a higher anomalous effect of GVD. This, in turn, can be enhanced by
introducing a longer SMF-28 length to give a stronger soliton effect, but with a drawback
of longer pulse duration and lower pulse repetition rate generated. In addition, higher
average output power and pulse energy are obtained with longer cavity lengths. In terms
of pulse stability, as evaluated from the PER measurement, an irregular pattern of PER
value is observed against the length of SMF, whereby the optimum PER value is achieved
by using 2 m additional SMF length. From this work, it can be concluded that controlling
dispersion behavior is an enabling method to optimize the laser operation that suits certain
applications, such as frequency metrology, microscopy, and micromachining.
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