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A B S T R A C T

This work reports mechanically exfoliated indium tin oxide (ITO) as saturable absorber (SA) for Q-switched
operation in fiber lasers. The ITO is mechanically exfoliated from 99.99% pure In2O3/SnO2. As ITO has a broad
operational wavelength from visible to infrared, indium tin oxide saturable absorber (ITO-SA) is incorporated
into ytterbium-doped fiber laser (YDFL) and erbium-doped fiber laser (EDFL) cavity for Q-switched operation.
The Q-switched spectrum was observed to be centered at 1038.25 nm for ytterbium-doped fiber and 1557.8 nm
for erbium doped fiber. The ITO-SA has a linear absorption of 2.25 dB and 2.5 dB at 1 μm and 1.5 μm
respectively. A narrow pulse width was observed in the EDFL operating at 0.95 μs. For the first time, ITO-SA
is incorporated to YDFL cavity.
. Introduction

Reliable and scalable pulsed lasers are increasing in demand for var-
ous applications including telecommunication, laser engraving, mate-
ial processing and medical treatments [1–5]. In contrast to continuous-
ave (CW), pulsed laser is preferred as it gives high output power and
ulse energy. Pulsed laser can be achieved either by passive or active
eans. Active means of generating pulsed lasers typically includes

ome elements such as lenses, mirrors or modulators, which requires
xternal signals and can thus increase the complexity of the laser system
nd may degrade the performance with time [6]. Pulsed laser operation
ay also be achieved via passive methods such as by the insertion of
saturable absorber (SA) in the fiber laser cavity either by deposition

n a side-decladded, D-shape fiber inserted to the cavity or via direct
nsertion by sandwiching it between fiber ferrules [7,8].

Semiconductor saturable absorber mirrors (SESAMs) is first studied
s a SA that gives a stable pulse laser operation [9]. Due to the high
ost and fabrication complexities of SESAMs, many other materials are
eveloped and incorporated as a SA in the fiber laser cavity, including
arbon nanotubes (CNTs), graphene, transition-metal dichalcogenides
TMDs), topological insulators (TIs) and black phosphorus (BP) [10–
5]. For the past few years, CNTs and graphene has been widely
mployed as SAs. CNTs offer a low-cost solution, but the wavelength
peration depends on the nanotube diameter. Graphene allows stable
nd flexible pulsed laser operation and has thus been widely used as a
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pulse initiators in near-infrared (NIR) laser cavities [16,17]. However,
the low modulation depth of Graphene encouraged researchers to
develop new materials as a SA for the fiber laser cavity. Since the
introduction of Graphene, other materials were incorporated inside a
fiber laser cavity which have reveal exceptional saturable absorption
properties that have contributed to vast research efforts in short-pulsed
laser generation.

Indium tin oxide (ITO) is widely employed as a transparent con-
ductive oxide (TCO) due to its optical transparency and electrical
conductivity. ITO is often used in flat panel displays such as liq-
uid crystal displays (LCD); solar cells and organic light emitting de-
vices (OLED) [18–20]. For O-LED, ITO has low electrical resistivity
of 2 × 10−4 Ω cm and high transmission of about 92% in visible and
near-infrared spectrum [21,22]. Alam et al. have recently reported
ITO having large optical nonlinearity and ultrafast recovery time of
360 fs [23]. ITO also has a broad operational wavelength from the
visible to near-infrared region. As a result, its operational regime for all
fiber lasers can be stretched from 1 μm to 2 μm wavelength spectrum
or beyond it. Recently, Guo et al. [24] have reported the study of
ITO as SA for erbium-doped fiber laser (EDFL) generating Q-switched
pulses at the operating spectrum of 1.5 μm region. The pulse width and
repetition rate were reported to be 1.15 μs and 81.28 kHz, respectively.
Their method involving a co-precipitation of ITO nanocrystals onto
the fiber-ferrule introduced impurity to the SA device. As the liquid
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Fig. 1. Fabrication of ITO-SA (a) ITO source material (b) ITO over scotch tape (c) ITO-SA over fiber ferrule (d) ITO-SA inserted in cavity via fiber adaptor.
TO was exposed to the external environment, making it vulnerable to
xidation and other chemical reactions. Here, we provide a straightfor-
ard and simple mechanical exfoliation to synthesis ITO-based SA. The

mprovement of Q-switched pulses was achieved with a much higher
epetition rate of 103 kHz and a narrower pulse width of 0.95 μs. Our

results are comparable to the studies on 2-dimensional (2D) materials
as SA, such as bismuth selenide (Bi2Se3), which was reported to emit
Q-switched with the maximum repetition rate and minimum pulse
width of 40.1 kHz and 4.9 μs, respectively [25]. Recently, Luo et al.
have demonstrated a molybdenum disulfide (MoS2) as a Q-switcher
for both EDFL and ytterbium-doped fiber laser (YDFL) [26]. However,
the minimum pulse width remained wider at 7.5 μs for EDFL and 5.8
μs for YDFL. In this work, we improved the Q-switching performance
in both 1 and 1.5 μm region, by obtaining a minimum pulse width
of 1.8 μs and 0.95 μs, respectively. For the first time, ITO as SA was
demonstrated as SA in the YDFL cavity, and mechanical exfoliation of
ITO was introduced in the EDFL cavity.

2. Preparation and characterization

Indium tin oxide saturable absorber (ITO-SA) was prepared by
mechanical exfoliation as it is a simple and reliable process formerly
used for materials such as TI, graphene and BP [17,27,28]. As shown
in Fig. 1(a), the ITO was mechanically extracted from a 99.99% pure
In2O3∕SnO2 (Materion Advanced Materials Technologies and services,
Taiwan) of 90:10 wt %. The ITO particles were exfoliated by using
scotch tape as depicted in schematic diagram of Fig. 1(b). The scotch
tape was folded and pressed persistently to form evenly distributed ITO
thin film over it. A fiber ferrule was then cleaned with isopropyl alcohol
and a small portion of ITO-SA over scotch tape was then cut and placed
over fiber ferrule as shown in Fig. 1(c). The ITO-SA was then slot in
between two fiber ferrules of EDFL and ytterbium-doped fiber laser
(YDFL) cavity setup via FC/PC adapter (FCPC-FCPC-D100) as shown
in Fig. 1(d). Fiber connectors introduced insertion loss of ∼0.5 dB.

The presence of indium, tin and oxygen was verified by energy
dispersive X-ray spectroscopy (EDS) as illustrated in Fig. 2(a). Intensity
peaks at desired energy levels ensured the presence of elements at
atomic percentage quantified as In (41 at.%), Sn (39 at. %), O (20 at.
%) with an marginal error of ±2%. Fig. 2(b) shows a morphological
structure of exfoliated ITO under the field emission scanning electron
microscopy (FESEM). The ITO particles varied in size, with an average
of 150 nm. The linear absorption of ITO-SA is shown in Fig. 2(c),
where it can be observed that there was nearly a flat linear absorption
in the wavelength region of 950 nm to 1600 nm. The ITO-SA gave
linear absorption of 2.25 dB at 1 μm and 2.5 dB at 1.5 μm for the
Ytterbium-doped fiber laser (YDFL) and EDFL operation, respectively.
The nonlinear absorption property of ITO-SA was analyzed using the
balanced twin-detector technique. A 1557.7 nm mode-locked source
with a pulse width of 3.6 ps and a repetition rate of 1.8 MHz was
used as a laser source. The light was amplified with an erbium-doped
fiber amplifier (EDFA) before being connected to the optical attenuator.
Finally, 50% of outgoing radiation passes through the SA device via a
3-dB coupler, with the remainder propagating through a bare single-
mode fiber (SMF-28). The measurement shows a saturable absorption
2

(𝛼s) of 1%, a non-saturable absorption (𝛼ns) of 68.4%, and a saturable
intensity of 6.39 MW/cm2, as depicted in Fig. 2(d). At 1050 nm, the
saturable absorption was obtained at about 0.8%.

3. Experimental setup

Fig. 3 illustrates the experimental setup of fiber laser cavity.
Fig. 3(a) shows YDFL cavity setup, a 980 nm laser diode (LD) pump
is employed as input power source for YDFL. The cavity is pumped via
the 980 nm port of the wavelength division multiplexer (WDM) by a
980 nm LD pump. A single mode ytterbium-doped fiber (YDF) of 1.5
m length is connected after the WDM as a gain medium. The YDF has
core diameter of 4 μm and numerical aperture of 0.20. A polarization
independent isolator (PI-ISO) is then connected with the setup to ensure
unidirectional propagation of signal inside the YDFL cavity. The ITO-SA
was then inserted into the cavity after PI-ISO by using fiber connectors.
After the ITO-SA, an 80:20 coupler is connected where the 80% signal
port is connected back to WDM 1064 nm port as feedback and the other
20% signal port is connected to the outputs of YDFL. Total length of
YDFL cavity is measured to be approximately 10 m. Fig. 3(b) illustrates
the schematic diagram of proposed EDFL cavity setup. A 980 nm LD
pump is connected to the EDFL setup via 980 nm port of 980/1550 nm
WDM. A 2 m long erbium-doped fiber (EDF) is connected to the WDM
as a gain medium. EDF has numerical aperture, core diameter, group
velocity dispersion (GVD) and absorption coefficient of 0.16, 4 μm, 27.6
ps2/km, and 23 dB/m respectively. A PI-ISO is included in the setup to
avoid back reflection of light. The ITO-SA is then inserted to the EDFL
setup which is connected to a 50:50 coupler. 50% output of coupler
is connected with 1550 nm port of WDM for the signal to oscillate
inside cavity while the other 50% output of coupler is connected to see
the output results. The cavity length is approximately 6 m including
all the standard single mode fiber (SMF-28) used. The outputs of
both YDFL and EDFL are analyzed by optical power meter (OPM)
(Thorlabs:PM100D) for output power; optical spectrum analyser (OSA)
(Yokogawa:AQ6370B) for the wavelength spectrum; 7.8 GHz radio
frequency spectrum analyser (RFSA) to see the frequency spectrum
of pulsed laser; and 350 MHz oscilloscope (GWINSTEK:GDS-3352) to
observe the pulse train. The oscilloscope and RFSA are connected via
fast photo detector (Thorlabs: DET10D/M) to investigate the output in
the optical domain.

4. Results and discussion

Q-switched operation of the YDFL is shown in Fig. 4. YDFL cav-
ity worked in continuous-wave (CW) operation at 94 mW, while Q-
switched pulses appeared at pump powers of 180 mW to 216 mW after
insertion of ITO-SA to the cavity. At the pump power of 216 mW, a
CW operation centered at wavelength peak of 1037 nm was observed
as shown in Fig. 4(a). At the pump power of 216 mW, the center wave-
length shifted slightly to 1038.25 nm in pulsed operation, as shown in
Fig. 4(b). Fig. 4(c) shows pulse train of Q-switched operation at pump
power of 216 mW. The pulse width was observed to be 1.8 μs, while
peak to peak distance between two pulses was measured to be 13 μs.
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Fig. 2. (a) EDS spectrum (b) FESEM image (c) Linear absorption of ITO-SA (d) Non-linear absorption of ITO-SA.
Fig. 3. Fiber laser setup (a) Ytterbium-doped fiber laser (b) Erbium-doped fiber laser.
3

Smooth and symmetric pulses were observed at the oscilloscope with
no obvious fluctuations in pulse amplitude or pulse shape, indicating
that the Q-switched operation was stable. Fig. 4(d) gives frequency
spectrum of Q-switched YDFL having fundamental frequency of 78 kHz,
with signal-to-noise ratio (SNR) of 55 dB, at a pump power of 216
mW. Several frequency peaks observed in frequency spectrum at span
of 800 kHz ensure stable Q-switched operation. The maximum pulse
energy was recorded to be 4.55 nJ, increasing linearly from 2.85 nJ to
4.55 nJ with pump power of between 180 mW to 216 mW as shown
in Fig. 4(e). The repetition rate increased from 55.4 kHz to 78 kHz,
while the pulse width decreased from 3.2 μs to 1.8 μs with the increase
of pump power. The increase in the repetition rate and decrease of
pulse width with increased pump power is consistent with Q-switched
operation of our YDFL as shown in Fig. 4(f). Q switching operation of
the YDFL is only possible within a small input power range, attributed
to the high threshold pump power of Q-switched. By reducing the
saturable intensity of the SA device and optimizing the YDFL cavity,
the power range of Q-switched can be increased, allowing the Q-switch
operation at a lower threshold pump. By increasing the pump power
from 216 to 270 mW, we observed the disappearance of the Q-switched
pulse. Later, we bring the LD pump back to 216 mW, and the same
temporal pulse performance recovered. Thus, the SA device has an
optical damage threshold which is higher than 270 mW. To the best of
our knowledge, this is the first time ITO is reported as a SA operating
in YDFL.

Fig. 5 shows the Q-switched operation of an EDFL. CW operation of
EDFL was observed at pump power of 30 mW before inserting ITO-SA
to the setup. Q-switched operation was achieved after insertion of the
ITO-SA at the pump power range of 35.2 mW to 188 mW. At the pump
power of 188 mW, the center wavelength peak shifted from 1562.3 nm
of CW operation (before insertion of ITO-SA) to 1557.8 nm of Q-

switched operation (after insertion of ITO-SA). The shift in wavelength
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Fig. 4. YDFL operation (a) Continuous wave at 216 mW pump power (b) Q-switched pulse at 216 mW pump power (c) Pulse train (d) Frequency spectrum (e) Pulse energy graph
f) Repetition rate and pulse width plot.
eak was observed over the OSA in wavelength span of 1545 nm to
575 nm as shown in Fig. 5(a). The frequency spectrum observed at
88 mW pump power is shown in Fig. 5(b), where an SNR of 59
B at repetition rate of 103 kHz and more than 15 frequency peaks
ere observed in 1800 kHz span of RFSA. From Fig. 5(c) where the
-switched pulse laser was operating at 188 mW the repetition rate
as observed to be 103 kHz and a narrow pulse width of 0.95 μs was

achieved. The peak to peak distance between two pulses was measured
to be 9.6 μs. A clear view of two pulses in Fig. 5(c) shows the pulses
retained their symmetric shape and the pulse amplitude showed no
obvious fluctuation giving that the pulses were stable.
4

The output power and pulse energy of Q-switched EDFL are plotted
with pump power in Fig. 6(a). The output power and pulse energy were
observed to increase with the increase of pump power from 35.2 mW
to 188 mW. The maximum output power achieved was approximately
1.47 mW while pulse energy was achieved to be 14.26 nJ. In Fig. 6(b)
we have plotted Q-switched operation of EDFL at pump power between
35.2 mW to 188 mW, repetition rate increased from 54.8 kHz to
103 kHz and pulse width decreased from 3.43 μs to 0.95 μs. Q-switched
operation of EDFL is the enhancement of our previous work, which re-
ported ITO-SA by coating ITO over a D-shape fiber [29]. The work used
a 13.6 m EDFL cavity, in contrast, we shorten the cavity length to 6 m
in this work. As a result, a pulse performance with a higher repetition



B. Nizamani, A.A.A. Jafry, S. Salam et al. Optics Communications 475 (2020) 126217

Q

Fig. 5. EDFL operation at 188 mW (a) Center wavelength operation of CW and

-switched pulse (b) Output frequency spectrum (c) Pulse train.
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rate and a narrower pulse width was obtained as the pulse travels in
a shorter time with a decrease in the cavity length [30]. A significant
improvement in output power and pulse energy was also realized, this
is due to the implementation of an optical coupler with a higher output
ratio (50%) compared to 10% previously. The mechanical exfoliation
provides a good alternative for the SA implementation method in
an all-fiberized laser cavity, as proven by its excellent Q-switched
performance, which is comparable to the ITO deposited onto D-shaped
fiber. This work suggests a simple technique with an outstanding pulsed
performance compared to complicated sample preparation of D-shaped
fiber-based SA.

There is no mode-locking operation observed even if we tuned
the LD pump towards the maximum values (200 mW for EDFL and
270 mW for YDFL). This may be due to the large splice losses inside
the laser cavity, which suppressed the number of oscillating longitu-
dinal modes, hence preventing mode-locking operation. However, by
constructing the ring cavity with optimum length and low-loss, the
mode-locking operation may be realized [31]. Furthermore, the ex-
tension of cavity length might introduce mode-locking operation, as it
enables a balance between dispersion and nonlinearity inside the laser
cavity.

5. Conclusion

As ITO has a broad wavelength operation, we developed Q-switched
YDFL and EDFL which operate at center wavelengths of 1038.25 nm
and 1557.8 nm. A novel study with Q-switched YDFL operation of ITO-
SA is reported in this work. Here, the ITO-SA was simply prepared by
mechanical exfoliation without any chemical procedures. The prepara-
tion of ITO-SA was done by a cost-effective method that did not involve
any expensive devices such as a sputtering chamber. A short pulse
width of 0.95 μs and high pulse energy of about 14.26 nJ was achieved
with EDFL. While pulse width and pulse energy in YDFL operation
varied from 3.2 μs to 1.8 μs and 2.85 nJ to 4.55 nJ respectively. ITO-
SA proves to be a suitable SA which can operate in a wider wavelength
regime.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Fig. 6. Q-switched EDFL operation (a) Pulse energy and output power with pump power (b) Repetition rate and pulse width with pump power.
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