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A new method to make an all-fiber nonlinear optic device for laser pulse generation is developed by depositing
multi-layer graphene oxide (GO) selectively onto the core of the cleaved fiber facet by combining the electrical
arc discharge and the laser-driven self-exfoliation. Using the GO colloid droplet with sub-nanoliter volume, we
obtained a GO bulk layer deposited on a fiber facet of the order of milliseconds by using an electric arc. The
prepared fiber facet was then included in an Er-doped fiber laser (EDFL) cavity and we obtained a few layers of
GO having nonlinear optic two-dimensional (2D) characteristics selectively on the fiber core by the laser-driven
self-exfoliation. The 2D GO layers on the fiber core served as a stable and efficient saturable absorber enabling
robust pulse train generation at A = 1600.5 nm, the longest Q-switched laser wavelength in EDFLs. Pulse char-
acteristics were analyzed as we varied the pump power at A = 980 nm from 105.2 mW to 193.6 mW, to obtain the
maximum repetition rate of 17.8 kHz and the maximum output power of 2.3 mW with the minimum pulse

duration of 7.8 ps. The proposed method could be further applied to other novel inorganic 2D materials opening

a window to explore their novel nonlinear optic laser applications.
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1. INTRODUCTION

In recent decades, researchers have endeavored continuous ef-
forts in developing ultrafast pulsed lasers udilizing novel light
interactions with novel materials such as two-dimensional (2D)
matters including transition metal dichalcogenides (TMDs),
topological insulator, and black phosphorus [1-6]. Among
these, a family of carbon-based materials including graphene
and carbon nanotubes has been successfully applied to Q
switching and mode-locking of lasers [7—11]. Graphene oxide
(GO) has been recently adopted as a saturable absorber (SA)
with high optical nonlinearity and a chemically stable 2D struc-
ture to generate short pulses in various laser cavities [12-25].
Compact and reliable integration of these novel materials into
fiber-optic components has been a critical issue to make all-
fiber pulsed lasers and several methods have been demonstrated
to realize fiber-optic SAs. Depending on substrates where the
materials were deposited, there have been attempts such as
deposition on the cleaved fiber facet [2], the outer surface of
a tapered fiber [3,4], and the surface of a side-polished fiber
[1,5], to name a few. For these substrates, various deposition
methods have been subsequently developed, including optical
deposition [26], liquid precursor spraying [22], drop-casting [27],
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spin-coating [1,5], transfer of mechanically exfoliated materials
[28], and polymer composite thin films [29,30]. However,
these prior methods have required significant amounts of pre-
cursors, elaborated optimization procedures, and limited spatial
selectivity in the film deposition, which has been a practical
limit for fiber-optic device applications.

In this study, an innovative way of depositing multi-layer
GO selectively on the core of the cleaved facet of a single-mode
fiber (SMF) was proposed to make a compact all-fiber SA for
Er-doped fiber laser (EDFL) Q switching. The notions of
the novelty in the proposed method are as follows: (1) the vol-
ume of the liquid precursor used was less than 0.5 nL, the small-
est volume ever reported in comparison with ~2 pL or more in
prior reports [4]; (2) simultaneous solvent evaporation and dep-
osition of solid GO bulk layer were achieved in a few millisec-
onds using an electric arc, the shortest process time ever reported
in comparison with ~10 min or longer [27]; and (3) highly
nonlinear multi-layer GO film SA was further achieved by
self-starting Q-switched pulses selectively only at the fiber core
with the diameter of ~10 pm providing a high level of spatial
directivity and resolution in the deposition process.

A schematic diagram of the proposed process is shown in
Fig. 1. We constructed a ring laser cavity using an Er-doped
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Fig. 1. Schematic diagram of the proposed deposition process and
Q switching of an Er-doped fiber laser using a graphene oxide satu-
rable absorber. The inset shows the three steps in the proposed GO
deposition by using the electric arc and self-starting Q-switched laser
pulses. (LD, pump laser diode at 4 = 980 nm; PC, polarization con-
troller; EDF, Er-doped fiber; WDM, 980 nm/1550 nm wavelength-
division multiplexer; GO-SA, graphene oxide saturable absorber.)

fiber (EDF) as a gain medium pumped by a laser diode (LD)
at A = 980 nm. The laser output was obtained through one of
the arms of a wavelength-division multiplexer (WDM). A fiber-
optic GO-SA was formed on a cleaved facet of an SMF in the
following three steps. (1) A drop of the aqueous colloid, where
GO flakes were uniformly dispersed, was formed on the cleaved
facet of an SMF by dipping its end to the colloid. See the left
figure in the inset of Fig. 1. (2) The prepared SMF with a GO
droplet was mounted on a commercial fusion splicer. Using an
optimal condition, we simultaneously achieved evaporation of
the solvent in the droplet and deposition of bulk GO film on
the entire fiber facet by a single electric arc, as shown in the
middle of the inset diagram. (3) The bulk GO film deposited
fiber was inserted into the ring laser cavity. At an optimal gap
between the GO deposited fiber and a pristine SMF, the self-
starting Q-switched laser pulses exfoliated the GO flakes selec-
tively only at the core to form a multi-layer GO film SA, which
resulted in a stable pulse train generation. See the right figure in
the inset.

In comparison to prior deposition processes [1,5,26—30],
our new deposition technique can provide both a low insertion
loss of 0.6 dB and a high modulation depth of ~3.7%. This
unique combination provided a stable Q switching at the lon-
gest L-band wavelength. Furthermore, the process is optimized
to the optical fiber facet substrates, which can readily provide
all-fiber 2D material device platforms. Using this newly devel-
oped technique, we fabricated an all-fiber GO-SA and success-
fully achieved the Q switching of the EDFL in the L-band by
using the proposed laser-driven self-exfoliation. In contrast to
C-band EDFLs [2-6,9], studies on Q switching in the L-band
have been very scarce, despite the inherently broadband
operating range of novel 2D SA materials. Using our method,
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we succeeded in generating stable Q-switched pulse trains at
A =1600.5 nm, the longest wavelength ever reported in the
Q switching of EDFL using 2D material to our best knowl-
edge. A detailed description of the proposed process and char-

acterization of the laser follows in the next sections.

2. METHODS

A. Deposition of GO Bulk Film and Multi-Layer on
the Fiber Facet

In prior reports for GO thin films, colloidal suspension precur-
sors have been used for spin-coating [19] or drop-casting proc-
esses [18,24] with optimal GO nanoflake concentrations and
solvent compositions. In our study, we purchased a commer-
cially available aqueous colloidal solution where GO nanoflakes
were dispersed (Graphene Square Inc.). The commercial prod-
uct had a standard GO nanoflake concentration of ~0.1%
(mass fraction), which was optimized for homogeneous disper-
sion of flakes in the colloidal suspension. However, the concen-
tration was too low for the electric arc deposition process and
we reduced the amount of the solvent by slowly heating the
colloid to reach the optimal ~0.75% (mass fraction). The sol-
ution was then vigorously stirred to keep a uniform dispersion
of GO flakes for the following processes. Single-mode fiber
(Corning SMF-28) was cleaved at 90°, and its facet was dipped
into the prepared solution and quickly drawn out. Due to the
hydrophilic nature of the silica fiber facet, a droplet was formed
on it with a maximum height of ~62.5 pm and a contact angle
of ~26.8° [31]. See the “left” figure in the inset of the schematic
diagram in Fig. 1. Note that the volume of the GO solution was
less than 0.5 nL, which is the least liquid precursor consump-
tion ever reported.

The SMF with GO solution droplet was mounted in a fu-
sion splicer (Fitel S177a) along with another bare SMF cleaved
at 90°. We optimized the arc power and the arc duration to
achieve simultaneously evaporation of the solvent and deposi-
tion of bulk GO film, as shown in Fig. 2(a). We used the
“Clean Arc Program” provided by the splicer and we found the
arc power of 10 out of 128 with the arc duration of 10 ms was
optimal for our purpose. The absolute arc power was not avail-
able since the splicer supplier, Fitel, did not provide the related
information. The scanning electron microscope (SEM) image
of the deposited GO bulk film is shown in Fig. 2(b). The op-
tical microscopic image is also presented in the inset. In those
images, we confirmed that the GO bulk film covered most of
the fiber facet area with a diameter of 125 pm. The GO bulk
film thickness was estimated to be ~2 pm similar to a prior
report [32]. On the other SMF mounted in the fusion splicer,
we did not observe any trace of GO flakes, and the deposition
of GO bulk film was selectively achieved on the fiber facet
where the precursor drop was placed.

The gap between the bulk GO deposited fiber facet and the
pristine fiber facet, denoted as “d” in Fig. 2(a), was further op-
timized near ~8 pm to achieve two goals: (1) the laser-driven
self-exfoliation process to result in a few layers of GO on the
fiber core, and (2) Fabry—Perot filter for selecting the lasing
wavelength in the L-band. By slowly increasing the pump laser
power, we observed unstable Q switching and continuous wave
(CW) sporadically. As we further increased the pump power,
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Fig. 2. (a) Configuration of the fabricated all-fiber GO-SA. The inset picture was taken from the fusion splicer. The gap between two fiber facets,
d, was optimized to be ~8 pm. (b) Scanning electron microscope (SEM) image of the GO bulk film on the fiber facet deposited by the electric arc.
Inset is its optical microscopic image. (c) SEM images of the GO multi-layer film on the fiber facet formed by laser-driven self-exfoliation. The blown
SEM image clearly shows a layered structure on the fiber core. The inset is its optical microscopic image, where the light was guided through the core
with a significantly thinner GO multi-layer film. (d) Micro Raman spectrum of the deposited GO film on the fiber core after the laser-driven self-
exfoliation. (SMF, single mode fiber; GO-SA, graphene oxide saturable absorber.)

the unstable pulses with the energy of a few nanojoules initiated
the laser-driven self-exfoliation of the bulk GO film, which pro-
duced a visible plasma plume. This observation is considered to
be related to the nanojoule pulse laser drilling by forming a
short plasma plume [33,34] and further plasma characteriza-
tion is being pursued by the authors. Once the GO multi-layer
film was formed by the laser-driven self-exfoliation, we did not
observe any subsequent laser drilling processes and we immedi-
ately obtained a very stable Q switching. Figure 2(c) shows an
SEM image of the muld-layer GO film after the laser-driven
self-exfoliation. The blown-up SEM image clearly shows a
unique concentric layered structure, which confirmed that the
GO bulk film was exfoliated selectively over the fiber core by
the laser pulses. The inset also shows that the core has a sig-
nificantly thinner film than the cladding so that the light
guided by the core was clearly visible using an optical micro-
scope. See the inset of Fig. 2(c). We further pursued Raman
spectroscopy for the self-exfoliated GO film on the fiber core
and the results are shown in Fig. 2(d). Here we used the
514 nm line of an Ar™ ion laser as the Raman pump. The
Raman spectrum showed the characteristic peaks of GO film
in the D and G bands near 1350 cm™ and 1590 cm™, respec-
tively. The intensity ratio of the two bands (/p//;) was ~1.1,
similar to prior GO Raman reports [35,36]. Consistent with
prior reports [35,37], the bands near 2700 cm™! and 2950 cm™!
were observed which correspond to 2D and D + G, respec-
tively. The GO Raman spectrum indicates that no thermal

damage is observed in the electric arc process. In previous
Raman spectroscopic studies on GO multi-layer films, how-
ever, a systematic correlation between the spectral structure
and the number of GO layers has not been provided to the
best knowledge of the authors. Therefore, we could not esti-
mate the number of GO layers based on the Raman spectra.
However, the thickness of the laser exfoliated multi-layer
GO film on the fiber core was estimated to be ~40 nm by
measuring the Fabry—Perot transmission as discussed in

Section 3.C.

B. Linear and Nonlinear Transmission Measurement

We first measured the linear transmission of GO bulk film de-
posited on a silica substrate as a reference using the same GO
aqueous solution as in fiber samples. The film was deposited by
the drop-casting method [38] and its linear transmission was
measured in the UV-near-IR region using a spectrophotometer
(Agilent Cary 5000). The transmission spectrum is shown in
Fig. 3(a), which is consistent with prior reports [16,39,40]. We
further investigated the nonlinear transmission of the GO
multi-layer film on the fiber facet formed by the laser-driven
self-exfoliation using an experimental setup shown in Fig. 3(b).
The probe femtosecond laser had the center wavelength at
A = 1550 nm, the pulse repetition rate of 80 MHz, and the
pulse duration of 80 fs. A variable optical attenuator adjusted
the optical power of the probe laser. Figure 3(c) shows the nor-
malized transmission through the all-fiber GO-SA versus the

input laser peak intensity.
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(a) Linear transmission spectrum of GO bulk film on a silica substrate. (b) The measurement setup for the nonlinear transmission of

the GO-SA formed by the laser-driven self-exfoliation process. (c) Nonlinear transmission of the GO-SA as a function of the input laser intensity.
(GO-SA, graphene oxide saturable absorber; VOA, variable optical attenuator; PC, polarization controller.)

Within the available power of the probe laser, we did not
observe the saturation of the transmission, yet we were able
to fit the SA transmission equation [41]:

Qg
T=1- - Qs 1
Pl (1)

sat

where a, is the saturable loss, ; is the modulation depth, 7 is
the incident light intensity, and 7/, is the saturation intensity.
The modulation depth was estimated to be ~3.7%, which is
comparable to prior reports for a few-layer GO film [14].

We further investigated the insertion loss (IL) of the multi-
layer GO-SA keeping the distance from the other bare SMF at
~8 pm. The IL of the multi-layer GO-SA was measured to be
~0.6 dB in the L-band and its polarization-dependent loss
(PDL) was ~0.3 dB. Note that the IL of multi-layer GO-SA
was significantly lower than that of GO bulk film on the fiber
facet formed by the electric arc, ~1.2 dB. This low IL of our
GO-SA allowed an efficient Q switching in the L-band where
the optical gain is inherently lower than that of the C-band
[42]. The PDL of the GO bulk film device was ~0.4 dB, which
was also slightly higher than that of multi-layer GO-SA.

C. All-Fiber Ring Laser Cavity and Its Q Switching
Using a Multi-Layer GO-SA

The prepared multi-layer GO-SA was inserted in a ring laser
cavity as schematically shown in Fig. 4. In the experiments,
the total cavity length was ~5 m and the total net cavity
dispersion was adjusted to be -0.07 ps®. The gain medium
was a commercial EDF Er80-8/125 from Liekki and its length
was 1.5 m to shift the gain toward the L-band. We inidally
optimized the EDF length and the pump power in the ring
cavity to obtain CW lasing at the center wavelength of
A = 1604 nm in the L-band without using the GO-SA. This
cavity condition suppressed the optical gain in the C-band.
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Fig. 4. Schematic diagram of Q switching experimental setup using
the all-fiber GO-SA. The output of the laser was monitored in the
wavelength spectral domain, RF domain, and time domain. (GO-SA,
graphene oxide multi-layer film saturable absorber; LD, laser diode;
EDF, erbium-doped fiber; PD, photodetector; PC, polarization con-
troller; hybrid component, an integrated wavelength-division multi-
plexer and isolator; OSA, optical spectrum analyzer.)

When our GO-SA was inserted in the laser cavity it further
increased the optical loss, which shifted the optical gain toward
a shorter wavelength within the L-band. The Fabry—Perot
nature of our GO-SA acted as a bandpass filter around
A = 1600.5 nm. By combining the optical gain, its shift by
GO-SA loss, and the Fabry—Perot nature of the GO-SA, we
were able to achieve Q switching in the L-band. The EDF
was pumped using a 980 nm LD through a hybrid component
composed of an isolator and a 980/1550 nm WDM. A polari-
zation controller was used to adjust the round-trip polarization
state in the fiber ring cavity. An output coupler with a power
ratio of 10:90 was used where the 10% port served as the laser
output port. An optical spectrum analyzer (Agilent 86140B), a
radio-frequency (RF) spectrum analyzer (Keysight N9320B),
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and a digital oscilloscope (Tektronix TDS744A) were used to
characterize the laser output data in the spectral domain, the
frequency domain, and the time domain, respectively.

3. EXPERIMENTAL RESULTS

A. Graphene Oxide Bulk Film Device in a Ring Laser
Cavity

We started the laser experiment using a fiber device with the
GO bulk film deposited by the electric arc (the middle figure of
Fig. 1 inset). As we slowly increased the pump power toward
~149 mW, we could observe a sporadic mixture of the unsta-
ble Q switching and CW lasing. The lasing characteristics were
measured by using an optical spectrum analyzer, an RF spec-
trum analyzer, and an oscilloscope, and the results are summa-
rized in Fig. 5. As shown in Fig. 5(a), the optical spectra
fluctuated randomly between the CW lasing and the unstable
pulsing where the spectra were found to be broadened. The RF
spectra were even more fluctuating, as shown in Fig. 5(b). In
the case of CW lasing, there were no detectable peaks, while in
the unstable Q-switched lasing we could observe peaks at the
harmonics of 15-17 kHz with the signal-to-noise ratio (SNR)
less than 20.5 dB.

The oscilloscope trace of one of the unstable pulse trains was
recorded in the oscilloscope, as shown in Fig. 5(b) inset. The
pulse width varied sporadically from a few microseconds to a
few tens of microseconds along with fluctuating peak inten-
sities. The pulses also showed a significant pedestal that decayed
in time. We estimated the average energy of the unstable pulses
to be in the range of nanojoule.

B. Graphene Oxide Multi-Layer Film Saturable
Absorber in a Ring Laser Cavity
When we further increased the pump laser to over 149 mW,
the energy and the peak power of the unstable pulse grew suf-
ficiently to generate a plasma plume with a visible spark on the
GO bulk film. It has been well understood that the plasma
plume generated by a nanosecond laser serves as a direct sign
of laser ablation in material processing [43,44]. In our laser-
driven self-exfoliation process, the unstable nanojoule laser
pulses within the EDFL cavity were interacting with GO bulk
film and ablated it to result in a significantly thinner GO multi-
layer film on the fiber core; see Fig. 2(c).

Immediately after the laser-driven self-exfoliation, the multi-
layer GO-SA produced very stable and robust Q-switched pulse
trains in a wide range of pump laser power, and the results are

(a) ———Unstable pulse
-40 —CW

Intensity (dB)

1598 1600 1602 1604
Wavelength (nm)

summarized in Figs. 6(a)-6(c) for the pump power of
194 mW. The optical spectrum is shown in Fig. 6(a) with the
peak wavelength at 4 = 1600.5 nm, which is the longest wave-
length in Q-switched EDFL as summarized in Tables 1 and 2.
It is also noted that the peak wavelength of the laser slightly
decreased as the stable Q switching reached, as shown in
the inset of Fig. 6(a). The RF spectrum in Fig. 6(b) showed
a clear peak at f* = 17.8 kHz with an SNR of 42.4 dB, which
indicated the high stability of laser pulses. Symmetric pulses
with a duration of 7.8 ps without prominent pedestals were
observed in the oscilloscope as in Fig. 6(c). The peak-to-peak
pulse period of 55.5 ps was consistent with the measured pulse
repetition rate of 17.8 kHz.

Using the multi-layer GO-SA we measured the laser char-
acteristics for various pump powers, and the results are sum-
marized in Figs. 6(d)-6(f). It is noted that the repetition
rate increased from 6.3 to 17.8 kHz, while the pulse width de-
creased from 24.0 to 7.8 ps in the pump power range. The
output power linearly increased from 0.3 to 2.3 mW, while
the pulse energy increased from 47.6 nJ and then saturated
to 128.1 nJ. The pulse duty cycle decreased from 158.0 ps
to 55.5 ps, and the corresponding peak power increased from
1.8 mW to 15.4 mW. These pump-power-dependent proper-
ties were consistent with those of prior Q-switched EDFLs
[22-25]. However, we did not observe any significant change
in the lasing wavelength within the pump power range. This is
attributed to the Fabry—Perot nature of our multi-layer GO-SA
working as a spectral filter, which is explained in the next
section.

C. Fabry-Perot Spectral Selectivity of the Fabricated
Multi-Layer GO-SA

The multi-layer GO-SA shown in Fig. 7(a) was found to simul-
taneously function as a Fabry—Perot filter, which locked the
lasing wavelength. We measured transmission and reflection
of the fabricated multi-layer GO-SA using the experimental
setup in Fig. 7(a), where we used a supercontinuum light
source (NKT Photonics, EXR-15), a fiber-optic circulator
(Thorlabs, 1525-1610 nm, SMF, FC/APC), an optical spec-
trum analyzer (Agilent, 86140B), and an optical power meter.
Here the multi-layer GO deposited fiber facet and a bare SMF
facet were aligned axially with a gap 4 = 8 pm. We observed
typical Fabry—Perot interference patterns in both the transmis-
sion and reflection spectra which were attributed to the optical
path difference caused by the reflection at the multi-layer GO
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Fig.5. Lasing characteristics for the bulk GO film device in the ring laser cavity: (a) optical spectra, (b) RF spectra and the oscilloscope trace in the

inset. Here the pump laser power was ~149 mW.
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and peak power as functions of the pump power.

film deposited on the fiber core. See the arrows in the inset of
Fig. 7(a). We simulated the Fabry—Perot filter structure using
COMSOL Multiphysics assuming the refractive index of ~2
[45] and thickness of ~40 nm for the multi-layer GO film.
The simulation results and experimental measurements showed
a good agreement as in Fig. 7(b). Transmission spectra had a free
spectral range of ~145 nm and a transmission peak at A~
1600 nm, which coincide with the laser output position in our
experiments. We confirmed that the fixed lasing wavelength of
the Q-switched laser against pump power variations was attrib-
uted to the Fabry—Perot filter nature of our multi-layer GO-SA.

In Table 1, we compared the performance of previous
Q-switched EDFLs employing GO-SA with our results. In
terms of the lasing wavelength, all of the previous results have
been confined to the C-band. This spectral limit has been
attributed to the significantly higher insertion loss of prior
GO-SAs, which can be compensated only by the inherently
higher gain in the C-band. Our GO-SA showed a very low
insertion loss of 0.6 dB to enable utilization of the lower gain
in the L-band. In terms of the pulse width, our laser provided
a wide range from 7.8 to 24.0 ps. The maximum peak power
of the Q-switched pulse in our work showed the largest

Table 1. Q-Switched EDFLs Based on Graphene Oxide Saturable Absorbers
Types Wavelength Pulse Width Max. Peak Pulse Repetition

Material of SA Deposition Method (nm) (ps) Power (mW) Energy (nJ) Rate (kHz) Ref.
GO SPF” Spray method 1558 2.12 - - 8.96 [22]
GO PCF’  Solution filled inside the PCF  1553.42-1561.67 - 0.167 8.98 16 [23]
GO End face Polymer-based thin film 1558-1570 6.6-13.7 - 19.2-61.3 22-61 [24]
GO End face Optical deposition 1531.6 20.44-61.2 9.3 46.6-145.0 21.5-68.7 [25]
GO End face Laser induced self-exfoliation 1600.5 7.8-24.0 15.4 47.6-128.1  6.3-17.8  This work

“SPF: side polished fiber.
’PCF: photonic crystal fiber.
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Table 2. Performance Comparison of the Present Result to Recent Q-Switched EDFLs Incorporating Other Materials in

the L-Band
Types Wavelength ~ Min. Pulse Max. Pulse Max. Repetition Max. Output
Material of SA Method (nm) Width (ps) Energy (n]) Rate (kHz) Power (mW) Ref.
ZnO End face Polymer-based thin film 1536-1586 4.5 39.9 28.9 1.2 [46]
In;Ses End face Mechanical exfoliation 1533-1573 2.2 13.5 52 0.7 [47]
TiO, End face Polymer-based thin film 1534-1570 2.7 - 22.2 0.087 (48]
Ag End face  Polymer-based thin film  1552.9-1580.2 11.9 - 10.5 0.044 [49]
GO End face Laser induced self-exfoliation 1600.5 7.8 128.1 17.8 2.3 This work
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Fig. 7. (a) Schematic diagram of transmission measurements for the fabricated multi-layer GO-SA with the gap of ~8 pm. (b) Fabry—Perot filter

simulation (black line), experimental measurements (blue line), and the laser output (red line).

value of 15.4 mW, which is a more than 50% increase in com-
parison to prior reports [25].

We further compared the performances of L-band Q
switching using other nonlinear optical materials with our
study in Table 2. These films have been deposited on the fiber
end face similar to our study, which allowed a fair comparison
with our laser. It is noted that all the prior reports [46—49] have
experimentally demonstrated Q switching only in the shorter
wavelength region of the L-band and we obtained the longest
wavelength 4 > 1600 nm by using our GO-SA. In terms of the
maximum pulse energy, our study showed more than threefold
(300%) increase in comparison to prior reports. The average
output power of our laser showed a nearly twofold increase.
These outperforming laser characteristics were attributed to
our unique multi-layer GO-SA fabricated by the laser-driven
self-exfoliation method. Promising nonlinear optic materials
have been recently reported [50-54], which enabled efficient
laser pulse generation in various optical cavities. In comparison
to those new materials with an inherently high optical nonlin-
earity, GO has a moderate nonlinearity but provides a good
dispersion capability in a colloidal suspension and the hydro-
philic nature compatible with the silica surface of the optical
fiber, which served as a good starting material to explore
our new deposition process—the proposed laser-driven self-
exfoliation method. In recent years, applications of micro-
second pulsed laser have been rapidly widened in the military,
medical, and industrial fields [55-57], and our study could fur-
ther increase the application in the L-band spectral range that
has not been reached by prior lasers.

In the pursuit of an optimal saturable absorber to generate
short light pulses, various types of materials are being explored

including 2D materials such as graphene, TMDs, tellurene,
black phosphorus, and boron nitride [9-11,2-5,53,54,58],
to name a few. However, systematic comparisons of these ma-
terials, especially when embedded in fiber-optic devices, have
been hindered due to lack of a proper platform that can provide
precise deposition of thin films over the fiber surface in a very
reliable and repeatable manner, while maintaining the genuine
optical nonlinearity of the materials. In recent years, homo-
geneous colloidal suspensions of nanoflakes made of these
materials have been commercially available and our method
consuming only a drop of the colloidal precursor on a fiber facet
can further expand its usages over those new materials. We suc-
cessfully deposited one of the TMDs on the fiber facet utilizing
our method, which will be reported in a separate paper, and we
confirmed its high potential as a fiber-optic device platform
technology for novel nonlinear optical materials.

4. CONCLUSION

We successfully developed a new all-fiber saturable absorber by
depositing the multi-layer GO film selectively on the core of
an optical fiber facet by applying an electrical arc and sub-
sequently the laser-driven self-exfoliation. We experimentally
measured the nonlinear transmission of the all-fiber GO-SA
to obtain the optical modulation depth of 3.7%. The IL
was as low as ~0.6 dB and its polarization-dependent loss
was ~0.3 dB. Using this all-fiber multi-layer GO-SA in an
Er-doped fiber ring laser cavity, we generated stable pulse trains
at A = 1600.5 nm, the longest Q-switched laser wavelength in
the L-band regimes by optimizing optical gain, cavity loss, and
Fabry—Perot filter. When the pump power increased from
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105.2 to 193.6 mW, the repetition rate increased from 6.3 to
17.8 kHz, the pulse width decreased from 24.0 to 7.8 ps, and
the average output power increased from 0.3 to 2.3 mW. The
proposed laser-driven self-exfoliation method consumed only a
few nanoliters of the precursor solution and the deposition was
obtained within a few milliseconds in the electric arc followed
by the Q-switched laser pulse ablation, which provided the
shortest processing time. The proposed method could be
further applied to various novel two-dimensional materials
to provide a new avenue of nonlinear optics to generate various
pulsed lasers.
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