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Abstract. This study demonstrated the performance of the passively Q-switched EDFL
based on ITO-ZnO SA. By using different EDF absorption coefficients 6.43 dB/m (EDF
M-5), 18.93 dB/m (EDF I-12), and 32.12 dB/m (EDF I-15) are compared in term of OSA
spectrum, pulse width, and repetition rate. The setup is designed as a single ring cavity by
employing an ITO-ZnO SA with a modulation depth of 21.01%, and ITO-ZnO saturates
intensity at 0.089 MW/cm2. The experimental analysis result shows that the higher value
of absorption coefficient EDF can give a stable Q-switched operation, but in the medium
range of EDF absorption, absorption can give better pulse width and repetition rate results.
ITO-ZNO SA is incorporated in a single ring configuration by comparing different EDF
absorption coefficients for the first time. The pulse width and repetition rate for EDF M-5
are 5.95µs and 40.07 kHz at 302.7 mW pump power. For EDF I-12, the pulse width and
repetition rate are 4.35 µs and 40.96 kHz at pump power 302.7 mW. A repetition rate of
38.26 kHz for EDF I-15, is obtained at 302.7 mW with pulse width of 4.98 μs.
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I. INTRODUCTION
Fiber lasers have various applications in fiber-optic communications, fiber optical sensing,
micromachining, and spectroscopy [1-2]. A Q-switched laser is typically realized by active or
passive technique. In terms of the fiber laser cavity, passive Q-switched techniques are more
attractive due to compactness, simplicity, and flexibility than active techniques. Passive Qswitched pulsed can be achieved by insertion of saturable absorber (SA) in the cavity design via
sandwiching it between fiber ferrules. In the past two decades, different types of SA have been
implemented, such as semiconductor saturable absorption mirror (SESAM), graphene, graphite.
Initially, a semiconductor material such as a semiconductor saturable absorber mirror (SESAM)
is the first method used to generate pulse Q-switched [3]. However, a SESAM often has
drawbacks, such as a narrow working bandwidth and a time-consuming fabrication process
limiting pulse generation [4].
Another type of SA material is carbon allotrope (graphene, graphite, carbon nanotube),
transition metal oxide (zinc oxide), transparent conducting oxides (TCOs) such as indium tin
oxides, ITO, and topological insulator (bismuth diselenide). However, most of these materials
suffer from limitations; hence surge for efficient materials as SA is still relevant.
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Transparent conductive oxide (TCO), acting as a thin film, has been widely used as a
transparent electrode due to its unique characteristics of TCO with the high optical transmission,
electrical conductivity, and broadband gap of around 3.5 eV [5]. Other researchers reported that
ITO can be seen as a potential SA candidate because it enables a wide range of saturable
absorption due to the position of the plasmonic absorption peak of ITO can be varied from 1600
nm to 2200 nm by controlling the concentration of tin doping. The plasmon frequency of ITO
lies in the NIR because the carrier density is much lower than most conductive oxides. This
allows the ITO to have a strong plasmonic absorption peak with wide bandwidth [6]. Not only
that, ITO can acquire a fast and extensive intensity-dependent refractive index and has a rapid
recovery time of around 360 fs.
Since 1960, ZnO has gained so much attention due to its various applications, such as
sensors, transducers, and catalysts [7]. Aneesh et al. reported that zinc oxide (ZnO) is an
alternative SA since this material has a unique characteristic, such as large excitation binding
energy of 60 meV with a direct bandgap of 3.37 eV [8]. ZnO is a group II-IV compound
semiconductor with its covalence on the borderline between ionic and covalent semiconductors.
It has a hexagonal wurtzite structure showing a partial polar. For the most part, ZnO is widely
used in optoelectronic devices due to its ability to withstand large electric fields, high power
operation, and high-temperature properties [9-10].
To our knowledge, we first demonstrated that the ITO-ZnO thin film could be used as SAs
for a pulsed fiber laser. SA was integrated into the laser cavity by sandwiching the ITO-ZnO SA
between two fiber ferrules with a fiber connector. A stable Q-switched pulse at a pump power
of 302.7 mW is observed by comparing 3 EDF absorption coefficients. The result shows that
EDF I-12 represents a good sign for Q-switched fiber laser because of its narrower pulse width
and higher repetition rate than the others.
II. INDIUM TIN OXIDE-ZINC OXIDE AS SATURABLE ABSORBER
The preparation of saturable absorber using mechanical exfoliation process of ITO-ZnO
was on the fiber ferrules tip. The fiber ferrule is made of two types of materials zirconia
ceramic or composite plastic polymers. Both ceramic and composite ferrules provide
excellent optical performance, with an average insertion loss of 0.3dB. Before the deposition
process, the fiber ferrules tip was cleaned with fiber cleaner, which is isopropyl alcohol. The
fiber ferrule should be cleaned with a figure of 8 wiping action to prevent scratches. The
cleaned fiber ferrules were then observed by using fiberscope, FS201 Thorlabs, to make
sure fiber ferrules were free from dust and fingerprint. The cleaning steps need to be
repeated if the surfaces are not adequately cleaned. After the cleaning process, the ITO-ZnO
was exfoliated by using a glass slide, as shown in Figure 1. The exfoliation process of ITOZnO on the fiber ferrules was used for the passively Q- switched generation.
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FIGURE 1. Mechanical exfoliation process.

Nonlinear Absorption properties of ITO-ZnO Saturable Absorber
ITO-ZnO was characterized by twin detector methods to measure nonlinear absorption such
as modulation depth, saturation intensity, and absorption of non-saturable absorption graphs, as
shown in Figure 2. The mode-locked pulse seed that has been used as a source can operate at a
central wavelength of 1563 nm and has a repetition rate of 12.64 MHz with a pulse width of
716.5 fs. The mode-locked pulse is connected to the attenuator before being split up by a 3 dB
coupler. The ITO-ZnO SA was attached at one of the output couplers ports. Another port of
output coupler was joined to OPM designated as a reference signal. The modulation depth of the
ITO- ZnO is stated as a percentage of the linear absorption due to the normalization, as shown in
Equation 1:
𝛼𝛼(𝐼𝐼) =

𝛼𝛼𝑠𝑠

1+

𝐼𝐼
𝐼𝐼𝑠𝑠

+ 𝛼𝛼𝑛𝑛𝑛𝑛

(1)

where α(I) is the absorption coefficient αs and αns are saturable absorption and non-saturable
absorption, I is the intensity and Isat is saturation intensity. Figure 3 shows the graph of the
nonlinear absorption of ITO-ZnO deposited onto the fiber ferrules. The graph displays the
nonlinear absorption of ITO-ZnO with a modulation depth of 21.01% and saturation intensity of
0.089 MW/cm2. Generally, stable pulsed fiber laser operation will have a high modulation depth
that is greater than 10% [11-13]. High modulation depths usually lead to a greater nonlinear
absorption that periodically increases insertion loss and reduces laser performance. Therefore,
the saturable absorption needs to be controlled [14-16]. Higher SA modulation depth may
suggest better recovery capabilities and single pulsating generation stabilization [17]. As the
power of the pump increases, the gain signal increases due to the generation of Q- switching
depends on the level of saturation of the SA [18].
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FIGURE 2. Nonlinear saturable absorption of ITO-ZnO measurement setup.

FIGURE 3. The nonlinear absorption of ITO-ZnO SA.

Single ring Fiber Laser based on ITO-ZnO Saturable Absorber
The single ring cavity consists of 3 m EDF, which has three different absorption coefficients,
which are 6.43 dB/m, 18.93 dB/m, and 32.81 dB/m. The experiment was set up with a gain
medium which is erbium-doped fiber (EDF) with different EDF absorption coefficients of 6.43
dB/m (EDF M-5), 18.93 dB/m (EDF I-12), and 32.12 dB/m (EDF I-15). Meanwhile, EDF acts as
anoptical amplifier that uses the active erbium- doped fiber and pumps source (signal or
laser) to boost or amplify the optical signal in the cavity. A 980 nm laser diode was used to
pump EDF via wavelength division multiplexing (WDM). This cavity was set up by inserting an
ITO-ZnO as a saturable absorber. The ITO-ZnO SA was placed between the isolator and 90:10
optical coupler, as shown in Figure 4. Optical isolator input signals were used to ensure a
unidirectional signal in the ring cavity, so the output of 90% OC oscillated backward in the
cavity [19]. The remaining 10% of signal output was connected through another 50:50 OC. Two
50:50 OC ports were used to transmit the output spectra displayed by OSA with a resolution of
1.0 nm and repetition rate by the oscilloscope (OSC). The total ring cavity of this setup is 7.44
m. All fiber components were spliced to each other. Configuration of passively Q-switched fiber
laser was the same as all EDFs.
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FIGURE 4. Experimental setup of passively Q-switched fiber laser.

III. RESULT AND DISCUSSION
The proposed single ring is represented by different EDF absorption coefficients: low, medium,
and high. Figure 4 shows the OSA spectrum of passively Q-switched EDFL incorporating ITOZnO SA. This cavity is observed to have a Q-switching threshold at a pump power of 153.4 mW
for all EDFs. At a maximum pump power of 302.7 mW, the output power obtained for EDF M5, EDF I-12, and EDF I-15 is -3.43 dBm, -5.63 dBm, -6.32 dBm, respectively,as shown in Figure
5. The spectral bandwidth for each EDF is 0.6 nm, 1.8 nm, and 1.25 nm. This is because the
spectral bandwidth is directly influenced by the high absorption coefficient of EDF used. The
spectral bandwidth can be generated by calculating the gain of EDF. The gain is proportional to
the absorption coefficient of the EDF, and more significant absorption raises the gain value. The
EDF is also homogeneous, broadening the spectrum range due to energy splitting into several
sub-levels related to the thermalization effect. The form of the atomic linewidth transition was
created using Lorentzian theory. As a result, if the cavity and surrounds supply the necessary
conditions, the atomic transition exhibits the same line shape [20]. The gain coefficient 𝛾𝛾𝛾𝛾(𝑣𝑣)
of Lorentzian can be obtained by:
𝛾𝛾𝛾𝛾(𝑣𝑣) = 𝑦𝑦(𝑣𝑣0 )

∆𝑣𝑣

( 2 )2

(𝑣𝑣−𝑣𝑣0)2+(∆𝑣𝑣/2)2

where 𝛾𝛾𝛾𝛾(𝑣𝑣0 ) is defined as the gain coefficient at a central frequency, while 𝑣𝑣0 and ∆𝑣𝑣 are
described as the emission linewidth.

FIGURE 5. The optical spectrum for EDF M-5, EDF I-12 and EDF I-15.

(2)
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Figure 6 provides the pulse train obtained for EDF-M-5, EDF I-12, and EDF I-15 using an
oscilloscope. Each EDF shows pulse duration of 24.96 μs, 24.41 μs, and 26.14 μs which
corresponded to a repetition rate of 40.07 kHz, 40.96 kHz, and 38.26 kHz, respectively.
The EDF I-12 shows the shortest pulse duration than EDF M-5 and EDF I-12. This is due to the
pump power and gains applied for EDF I-12 being sufficient to give the shortest pulse [21].
From the output pulse train graph, the pulse width of EDF I-12 is 4.35 μs, which shows a
narrower pulse width than others. However, the EDF I-15 shows a pulse width o f 4.98 μs
whichis broader than EDF I-12. This observation indicates that erbium ion with high absorption
coefficients is still insufficient to generate the highest repetition rate with short pulse width.
Based on the previous research, erbium ions also depend on the optimum length used. As the
density of erbium ion increases, the optimum length decreases, which is suitable for clumping
amplifiers due to the high concentration of erbium ion, which damages the gain due to the
clustering. This effect is known as cooperative energy transfer (CET), which reduces the
lifespan of the fluorescent [22]. Therefore, when the EDF absorption coefficients are higher, it
cannot guarantee that the Q-switchedpulse is stable because the optimum length of EDF must be
taken into account, as erbium ions increase when the optimum length decreases.

FIGURE 6. The pulse train of passively Q-switched EDFL for EDF M-5, EDF I-12 and EDF I-15.

The fundamental frequency is used to characterize the stability of the passively Q-switched
EDFL pulse operation in the frequency domain as plotted in Figure 7 (a), (b) & (c). The
fundamental frequency of three EDF at a pump power of 302.7 mW generates SMSR values of
32.30 dB, 32.60 dB, and 31.50 dB. The graph shows the highest SMSR value of 32.60 dB for
EDF I-12. Based on Tan [23], the stability of passively Q-switched fiber laser can be
obtained by the highest SMSR value. Therefore, the higher pump power applied can generate a
higher value of SMSR. Meanwhile, the SMSR value depends not only on the pump power but
also on the EDF absorption coefficients used due to the value for EDF I-15 showing the smallest
SMSR value. The EDF-I-12 with medium absorption coefficients attained the highest SMSR
value as compared to EDF M-5 and EDF-I-15.
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(a)

(b)

(c)

Figure 7: The fundamental frequency of (a) EDF M-5 (b) EDF I-12 (c) EDF I-15

Table 1 shows three EDF absorption coefficients that produce passively Q-switched EDFLs.
The output power of EDF M-5 is greater than EDF I-12 and I-15 due to the different
concentrations of erbium ions used. However, EDF I-12 provides broader spectral bandwidth
than other EDFs due to the population inversion and spectral broadening based on self-phase
modulation (SPM). Not only that, it is shown that the gain increases with an increasing
numerical aperture (NA) and remains constant after a certain level for each pump power; the
purpose for this is that the amplifier reaches the population inversion. This proves that the gain
increases when NA increases because larger NA indicates an overlap between the optical mode
field and the erbium ion [22]. Moreover, the required NA to obtain maximum gain with
increasing pump power becomes less. Thus, i t produces a stable passively Q-switched
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EDFLs same as EDF I-12, which have a higher repetition rate and smaller pulse width due to the
EDF's suitable NA and optimum EDF length at 18.93 dB/m of absorption coefficients. In
conclusion, the passively Q-switched EDFL is influenced by optimum length, NA, EDF
absorption coefficients and requires suitable pump power to generate good performance of Qswitched.
Table 1. Comparison performance of the passively Q-switched EDFL at different absorption
coefficients.

EDF M-5

EDF I-12

EDF 1-15

EDF Absorption
Coeff.(dB/m)

6.43

18.93

32.12

Pump Power (mW)

302.7

302.7

302.7

153.4

153.4

153.4

Output Power (dBm)

-3.43

-5.63

-6.32

Spectral

0.6

1.8

1.25

Pulse Width (µs)

5.95

4.35

4.98

Pulse Duration(µs)

24.96

24.41

26.14

Repetition rate (kHz)

31.75

40.96

38.26

SMSR (dB)

32.30

32.60

31.50

0.23

0.24

0.25

Threshold Pump Power
(mW)

Bandwidth(nm)

Numerical Aperture

IV. CONCLUSION
In this work, we demonstrated the passively Q-switched EDFL based on ITO-ZnO SA in
output power, pulse width, repetition rate, side-mode suppression ratio (SMSR), and spectral
bandwidth by using three different absorption methods coefficients. The three EDF M-5, EDF
I-12, and EDF I-15 decrease output power when pumping power increases. However, the Qswitching operation for EDF I-12 obtained a good sign in Q-switched pulse compared to EDF
M-5 and EDF I-15 due to the SA, optimum length EDF, a numerical aperture of EDF utilized
inside the laser cavity. As the erbium ion increases, optimum length EDF decreases, resulting in
the gain signal increases. Meanwhile, when the pump power increases, the gain signal increases
depending on the level of saturation SA, affecting the laser performance of Q-switched. Thus,
the stable passively Q-switched EDFL is influenced by the properties of the EDF and the SA
material used to generate a higher repetition rate and narrower pulse width.
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