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Abstract: We demonstrate an L-band passively mode-locked erbium-doped fiber laser emitting
at 1599.43 nm wavelength at a pulse train of 5.68 MHz. The microfiber reduced graphene oxide
composite behaves as a saturable absorber that was fabricated using in-situ wet chemical and
dip-coating methods. During operation, a single-pulse soliton was observed at a mode-locking
threshold of 40 mW. This is a few times lower than most of the previous assessments in the
same class of wavelength band and graphene saturable absorbers. The pulse duration was
568 fs with a maximum average output power of 6.75 mW. In addition, the superiority of this
simple fabrication method facilitates its potential of mass production for applications in ultrafast
photonics industries.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrafast lasers have been a popular research topic due to their distinguished advantages in a number
of science and technology areas [1-2]. To extend beyond the limit of C-band telecommunication
window [3.,4], these lasers particularly at L-band wavelengths (1565-1625 nm) are developed.
They have many applications in supercontinuum generation [5], gas spectroscopy [6], biomedical
science [7], three-photon microscopy [8], and optical communications due to their high repetition
rate [9]. To date, ultrashort pulses in this region can be realized through either active or passive
mode-locking techniques.

One of the simplest methods is incorporating an external electro-optic modulator (EOM) into
a laser cavity to achieve short pulses (ns-ps) at 1600 nm waves [10]. However, the EOM is
bulky and has restricted responses with requirements of external electrical components that could
induce difficulty in generating femtosecond lasers. On the contrary, passive mode-locking is
achieved through the third order nonlinearity when a high intensity light passes through the
optical fiber with a small core diameter ~8 um for a single mode fiber. A material that was
incorporated upon the passage of this light is dubbed as a saturable absorber (SA). Upon its
discovery, various extensive developments in mode-locking properties are attained such as power,
operating wavelength, pulse width, repetition rate and laser stability.

During early days, a semiconductor saturable absorber mirror (SESAM) has been the traditional
component to achieve passive mode-locking in fiber lasers [11]. Nonetheless, it has several
drawbacks on operating bandwidth, long recovery time of more than 1 ps and complex micro-
fabrication process. Apart from SESAM, recent studies on other SA fabrication based on
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rare-earth materials have been reported. The carbon nanotube (CNT) SA is among the first
nanomaterials that can be integrated into all-fiber devices. These include by directly sandwiching
between two-fiber ends [12], optical deposition on microfibers [13], or the side polished fibers
[14]. Despite its success, the CNT SA operation wavelength depends on the diameter and chirality
of the tube which limits its potential for broadband coverage. Alternatively, materials such as
graphene, topological isolators, transition metal dichalcogenides, black phosphorus, and MXene
based SAs have been successfully demonstrated for ultrashort pulse generation from near to
mid-infrared region [15-16].

Among these SAs, graphene can be easily synthesized using well-known fabrication techniques
including mechanical exfoliation [17], molecular beam epitaxy (MBE) growth [18], chemical
exfoliation [19], and chemical vapor deposition (CVD) [20]. Other materials are much more
complicated to synthesize which require excellent knowledge of material sciences. In most of
recent studies, the graphene was typically deposited between fiber ferrule structures [21-22].
As a result of very small fiber core diameter, the highly concentrated power is focused on the
limited interaction surface area of this structure. This could result in thermal damage when
operating at high pump power. A promising solution to this issue is to have lateral interaction of
graphene-based materials with propagated evanescent waves along the optical fibers [23-24].

In this work, we demonstrate the fabrication and employment of reduced graphene ox-
ide/polydimethylsiloxane (rGO/PDMS) coated microfiber as a SA. An L-band ultrashort pulse
operation in the erbium-doped fiber laser cavity at 1599.43 nm center wavelength was attained
with a pulse duration of 568 fs. The advantages of this technique lie within the readily commer-
cialized rGO in the market, combining with the polymer that supports mechanical structures
of the tapered fiber. These robustness and practicality make the ultrafast laser sources as the
potential candidates in the molecular spectroscopy, nonlinear frequency conversion as well as
laser surgery applications.

2. Materials and methods

2.1.  Fabrication of the rGO polymer composite

The raw materials namely rGO, isopropyl alcohol (IPA, 99.5%) and PDMS (Sylgard 184 Silicone
Elastomer) were used as received originally without having further purifications. The rGO was
obtained from ACS Material LLC, USA and the IPA were procured from Sigma Aldrich. On the
other hand, the polymer was purchased from Dow Corning. The fabrication scheme involves
in-situ wet chemical for material preparations (see Fig. 1), microfiber tapering and dip-coating
(see Fig. 2). This begun in Fig. 1(a to f) by dispersing 0.8 mg of rGO powders in 10 ml of IPA
through an ultrasonic probe (Hielscher UP200s) for 1 hour. After sonication, 1.0 g of polymer
(PDMS) was added to the homogenous rGO solution. This was heated at 80 °C for 16 hours
with continuous stirring at ~200 rpm to ensure complete evaporation of the solvent. This step is
crucial to allow a solid formation of rtGO/PDMS composite. Next, 0.1 g of curing agent was
added into the mixture and stirred for 10 minutes. In order to remove bubbles from the mixture,
a degassing process was carried out in the vacuum oven (CONSTANCE VC-6050) for half an
hour duration.

For microfiber tapering, a single mode fiber (SMF-28) was stripped of its coating polymer (3
cm length) before putting onto a glass processing workstation (Vytran GPX-3000) stage holders.
The taper properties are shown in Fig. 2(a) with a waist diameter of 10 um, a waist length of 1 mm
and a taper transition of 30 mm. These parameters provided the adiabaticity with tapering loss of
less than 0.3 dB while sustaining the large evanescence interaction length. The heat source can
be precisely controlled using the built-in software to achieve the desirable microfiber diameter.
After the tapering process, the microfiber was coated with the finished product of rtGO/PDMS
composite through dipping method for 20 seconds as illustrated in Fig. 2(b). Then, the microfiber
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Fig. 1. Preparation procedures, (a) mixing rGO with IPA, (b) dispersing rGO, (c) addition
of PDMS, (d) removing solvent, (e) addition of curing agent and (f) degassing in vacuum
condition.

was fixed on a grooved sample holder with epoxy glue as shown in Fig. 2(c). For curing process
that hardens and stabilizes the composite, this stand was left in a dry cabinet for 24 hours period.

2.2. Characterization of materials and saturable absorption properties

The material characterization comprises morphological and spectroscopic studies of the
rGO/PDMS composite and its constituents as presented in Fig. 3, Fig. 4, and Fig. 5. Once
these insights are comprehended, optical properties of the mode-locking device were assessed as
elucidated in Fig. 6. Initially, the Field Emission Scanning Electron Microscope (FESEM-Hitachi
SUB000) was set at an accelerating voltage of 2 kV and a working distance of 3.7 nm with 10000x
magnification. It can be observed from Fig. 3(a) that the rGO sheets are overlapped and folded
(wrinkled sheet) due to sample preparation when placing the powder on the aluminium stab
holder. For performing UV-Visible diffuse reflectance (Shimadzu UV3600), the material was
dispersed in water for absorption evaluation. Maximum absorption at ~260 nm was observed,
resulting from partial restoration w-7t* transition of aromatic C-C bonds. This peak is deemed
to be the reduction of GO as shown in Fig. 3(b) [25]. Besides this, Raman spectroscopy was
implemented by utilizing Horiba Scientific - LabRAM HR Evolution. Several peaks at D band
(1351.39 cm™!), G band (1595.49 cm™!), 2D band (2713.94 cm™') and D + G band (2919.49
cm™!) are shown in Fig. 3(c). The reduction degree typifies the ratio between intensity of D band
to that of G band. From these findings, the ratio was 0.84 where it has more C = C bonding (sp”
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Fig. 2. Deposition processes (a) tapering of single-mode fiber, (b) dip-coating of rtGO/PDMS
composite on the microfiber and (c) sample curing at room temperature.

hybridization) than C-C bonding (sp> hybridization) that validated the presence of rGO in the
prepared sample.

Figure 4 describes Raman intensity (under 532 nm excitation) for the cured rGO/PDMS
composite coated microfiber (black line) together with the inset visual at the scale bar of 200
pum. For comparison, other features for PDMS polymer (blue line) and a single data for the rGO
powder (red line) which is similar to that presented in Fig. 3(c) are also included. The diagram
ascertains the actual composition of the composite. There were obvious peaks specifically at
2895.48 cm~! and 2960.75 cm™! for the black line in agreement to the spectral profile of the blue
line. In addition, the peaks at 1351.39 cm™" and 1595.49 cm™! for the black line also correspond
to the D-band and the-G band Raman peaks for the red line.

The following steps are focused mainly on the composite material. To conduct FESEM
and energy dispersive X-ray (EDX) analysis as shown in Fig. 5, Zeiss Crossbeam 340 and
Oxford Silicon Drift Detector X-Max systems were utilized, respectively. Figure 5(a) depicts the
back-scattered FESEM image, the microfiber has unavoidable thick accumulation of composite
at its bottom as a result of dip coating (see Fig. 8 in [26]). Meanwhile, Fig. 5(b-d) with different
color mapping denotes the existence of oxygen (O), silicone (Si), and carbon (C) which were
uniformly distributed. The corresponding weight percentage, wt% can be evaluated from Fig. 5(e)
where the visible red spot in the inset of this figure signifies the precise location where this EDX
data was acquired. In this case, 58.1 wt% for Si, 24.5 wt% of C and 17.4 wt% of O verify the
ingredients of rtGO/PDMS which coincide well to the Raman analysis.

Before proceeding with testing the functionality of the mode-locking device, the saturable
absorption attributes were analyzed first using the arrangement as illustrated in Fig. 6(a). From
this figure, a Menlo Systems M-Fiber pulsed laser source (1560 nm, 117 fs, and 250 MHz) was
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Fig. 3. Scientific structures of rGO, (a) a FESEM image, (b) UV-VIS absorption and (c)
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Fig. 5. Morphology of rGO/PDMS composite coated microfiber, (a) a FESEM cross-section,
(b) EDX colors representation for O, (c) Si and (d) C where (e) EDX spectra with (inset) the
microfiber close-up.

coupled to a variable optical attenuator (VOA). The 50:50 ratio optical coupler was employed
to divide the optical pulse source into two equal portions. One leg was used as a source of
reference to monitor the input power via an optical power meter (OPM1) while another leg was
terminated by OPM2 to measure the output optical power after passing through the SA. In this
experiment, both powers were measured simultaneously where the data are then fitted according
to the formula [27];

T(I) =1-ays — AT X [exp (—IL)] (D

sat

where T(I) is the transmission rate, a,; is the non-saturable absorbance, AT is the modulation
depth, I is the input intensity of laser, and I, is the saturation intensity. In our experiment, the
s Was 39.10%, the Iy,; and AT were assessed to be 60 MW/cm? and 3.9%, respectively. The
latter value is comparable to other reports in the same topics of graphene that vary from less
than 1% up to 5.5% [26,28-30]. However, the saturable absorption is limited by the dip coating
method used in this work. It is believed that the saturable absorption properties can be further
optimized by controlling the thickness of two-dimensional materials via spin coating method as
previously reported in [31-32].
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Fig. 6. (a) Twin detector measurement setup and (b) nonlinear responses of the SA.

2.3. Laser cavity setup

The schematic diagram of the fiber laser that consisted of 20 m length SMF-28 is portrayed in
Fig. 7. A 1480 nm laser diode (LD) was used as a pump source instead of that at 980 nm in
order to increase the power conversion efficiency [33].The gain medium was a section of 17 m
long erbium-doped fiber (EDF-Liekki Er80-8/125) that was connected through a 1480/1550 nm
wavelength division multiplexer (WDM). The EDF fiber has a mode field diameter of 9.5 pm, a
numerical aperture of 0.13 and a cutoff wavelength at 1250 nm. It has an absorption coefficient of
80 dB/m at 1530 nm wavelength where this highly doping concentration is required owing to the
low gain coeflicient in the L-band [34]. The dispersion coefficients of the EDF and SMF-28 were
15.7 ps/nm/km and 17 ps/nm/km, respectively. These result in the estimated total net anomalous
dispersion of -0.823 ps?. Besides this, a polarization independent isolator (ISO) was employed
to ensure unidirectional light propagation in a clockwise direction. The rtGO/PDMS composite
coated microfiber (SA) that starts the formation and stabilization of ultrashort pulses was spliced
in between the ISO and optical coupler (OC). The output laser signal was extracted via a 30% of
OC, whereas the remaining laser signal (70%) propagated in the cavity towards the polarization
controller (PC). The PC controls the birefringence inside the single-mode fiber and further assists
the initiation of ultrashort pulses in its optimized polarization angle.

1480 nm LD

Fig. 7. L-band passively mode-locked erbium-doped fiber laser (EDFL) employing
rGO/PDMS SA.
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3. Results and discussions

At the outset of this assessment, the lasing behaviors in Fig. 8(a) were investigated while
maintaining the PC at the optimized polarization state. From this figure, the pump power (P,)
was restricted to a maximum of 166 mW to prevent any damage to the SA. Once lasing was
started, the mode-locking threshold was firstly achieved at P, of 40 mW as signified by immediate
broadening in the spectral width. This is reasonable when comparing to other attainments of 31
mW in [35] and nearly 92 mW in [36]. Above this level, ultrashort pulses remained viable where
maximum output power of 6.75 mW was satisfied. The slope efficiency determined from the
linear red line curve was 5.3%. Furthermore, the pulse energy (E,) grew from 0.04 to 1.19 nJ as
demonstrated by the blue plot. In fact, this criterion was deduced by multiplying the average
output power to that of the cavity round trip time, P,,; X Ti. The T,; of 176 ns was measured
by an oscilloscope at the maximum power level [see Fig. 8(b)]. This corresponds to the cavity
length of 37 m built in this report.
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Fig. 8. (a) Average output power (black colour) and pulse energy (blue colour) against the
pump power and (b) the oscilloscope pulse train at P, = 166 mW.
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Figure 9(a) illustrates the evolution of ultrashort pulses against the pump power for every 3
mW interval. The peak intensity together with 3-dB bandwidth enhanced proportionally at higher
pump power. The image justifies no presence of parasitic continuous wave lasing component.
A few selected results at just below and at mode-locking thresholds as well as at maximum P,
that relate to Fig. 8(a) are shown in the inset of Fig. 9(b). The broader bandwidth with the
sign of Kelly sidebands as represented by the red and blue profiles indicate a typical soliton
pulse shaping scheme [37]. Notably, no noise like spike existed in the mode-locked spectrum at
maximum pump power as manifested by the primary signal in Fig. 9(b). In this case, the central
wavelength and spectral width were measured to be 1599.43 nm and 5.71 nm, respectively.
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Fig. 9. Progress of L-band curves, (a) 3D images, (b) 2D images with the enlarged soliton
pulse at P, of 166 mW and (inset) a few chosen results.

The measured spectral width of 5.71 nm corresponds to the autocorrelation full width at
half maximum (FWHM) of 874.72 fs. By assuming a perfect sech? fitted curve as validated
in Fig. 10(a), the actual pulse width after considering a deconvolution factor of 1.543 was
determined to be 568 fs. Due to residual chirp, the time bandwidth product was 0.38 which
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is slightly higher than the ideal transform limited value of 0.315. In addition to this, the radio
frequency (RF) spectrum measured by an electrical spectrum analyzer (ESA) at a maximum
power level has an excellent signal to noise ratio of 59.5 dB as proven in Fig. 10(b). The inset in
this figure with high-order harmonics generation within 50 MHz frequency domain that pertains
to Fig. 8(b) ascertains no observable sign of Q switching instabilities [38]. In addition, as the
recorded pulses retain similar separation that implies no pulse breaking was initiated in the laser
cavity.

(a) o Experimental Data
1.0 4 Pulse Width = 568 fs Sech2 Fitted Curve

0.8 1

0.6 1

L FWHM = 87472 fs
04

Intensity (a.u)

0.2 1

2 I -1 I (l) ' 1 ‘ 2
Delay (ps)

(®)  RBW :30kHz 0
VBW : 300 Hz

-10-
220
2304
-40- -

Intensity (dBm)

110
-50 1 0 10 20 30 40 50
Frequency (MHz)

-601
-704
-804
-90-
-1001
-110 . . T

Intensity (dBm)

ISNR ~ 59.5 dB

Frequency (MHz)

Fig. 10. Signals at P, of 166 mW, (a) autocorrelation trace, (b) the RF spectrum and (inset)
high-order harmonics at 50 MHz span of the ESA.

To confirm the reliability and robustness of the SA to sustain mode-locking operation, stability
tests at constant polarization state and maximum pump power were carried out as outlined in
Fig. 11. For over 1-hour duration with 2 minutes interval, the measured spectral images are
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depicted in Fig. 11(a) where more details are given in Fig. 11(b). From the bottom diagram, the
average central wavelength prevailed at 1599.39 + 0.04 nm. Concurrently, the spectral bandwidth
also remained at 5.71 nm with minimum fluctuations of + 0.04 nm throughout the same time
period. These justify the favorable properties of the fabricated SA in producing femtosecond
pulses that can satisfy the industrial and scientific demands. Amongst their applications include
micromachining, femtochemistry, optical communication, frequency comb and etc.
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Fig. 11. Stability tests at P, of 166 mW over 1 hour, (a) spectrogram and (b) center
wavelength and its 3 dB bandwidth.

Other earlier developments in the same category are summarized in Table 1, mostly involving
sandwiching graphene films between fiber ferrules. This integration method is well known for
having a low damage threshold which is not feasible for high power operation. A better solution
that incorporated the rGO film on the D-shaped fiber resulted in a similar mode-locked threshold
but with much shorter pulses compared to our results [39]. The contributing factors relate to the
optimized intracavity dispersion and additional external compression of the stretched-soliton
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pulse. Despite of these benefits, the fundamental mode-locked laser has short term stability
within 15 minutes range only. In addition, the polishing of the D-shaped fiber often induces
uncontrollable inhomogeneity that necessitates high technical expertise. This requirement was
eliminated by the favorable choice of implementing microfiber that brings together the advantage
of controllable fabrication process. Very stable soliton pulses generation with the presence of
Kelly sidebands are presented in our work. With the exploitation of evanescent field interaction,
the issue of thermal damage was also resolved. Much lower mode-locked threshold was satisfied
than those in [21,22,36,40] with comparable pulses to other reported literatures [21,22,36]. Up
to date, graphene-polymer composites-based SA in L-band using microfiber have yet to be
thoroughly explored. In the future, we expect the direction of this work towards power scaling
attempts.

Table 1. Progresses in SA for ultrafast EDFLs at L-band.

Mode-
Center Maximum locked
wavelength pulse energy Pulse width threshold
Ref. Implementation (nm) (n)) (fs) (mW)

Sandwiching atomic graphene
21 thin film between fiber ferules 1576.30 7.30 415 130

Sandwiching graphene
oxide/polyvinylalcohol film
22 between fiber ferules 1595.84 0.04 426 108

Sandwiching graphene/tungsten
disulfide heterostructure film

36 between fiber ferules 1601.90 0.23 660 92
D-shaped optical fiber with the
39 rGO film SA 1566.00 0.08 190 40

Sandwiching graphene oxide
saturable on fluorine mica
40 substrate between fiber ferules 1567.29 1.44 1380000 273

Dip-coating the rtGO/PDMS
composite around the tapered
region of the microfiber on a
This work groove 1599.43 1.19 568 40

4. Conclusion

In summary, we have successfully demonstrated the ease of fabricating the rtGO/PDMS composite
in the laboratory. Its precise O, C and Si contents that differ from 17% to 58% were obtained
from the morphological and spectroscopic studies. This material served as a saturable absorber
in an ultrafast EDFL by initiating lateral interaction with propagated evanescent waves along
the tapered microfiber. During operation, a pulse duration of 568 fs was initiated at the central
wavelength of 1599.43 nm. This work on microfiber-based SA in the L-band satisfies the
expansion requirement of the telecommunication window. Further supporting evidence of stable
laser output over an observation period of 60 minutes and low threshold operation display the
potentials in developing this technology at cost efficient upgrade.
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