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Abstract This work reports on the improved Q-switched and mode-locked performances of
black titanium dioxide (BTiO2x) nanoparticles embedded in thin-film composite material as a
saturable absorber compared to TiOz in an erbium-doped fiber laser. The thin-film saturable
absorbers were prepared by mixing the nanoparticles with polyvinyl alcohol (PVA) as a host.
BTiO2.x has a better nonlinear absorption coefficient,  of -12.46 x 10”7 m/W compared to -7.15x
107 m/W for TIO2 determined using z-scan measurement. The laser performance was evaluated
in the 85.21 mW — 126.48 mW pump power range. Upon inserting TiO2and BTiO2x SA in a laser
cavity, the peaks of the output spectrum shifted from 1566.62 nm to 1563.24 nm and 1565.75 nm,
respectively. Regarding Q-switched performances, BTiO2.x SA generates a shorter pulse width of
16.00 us than TiO2 SA. The slope efficiency of the TiO2 SA was 11.72 %, which is higher than the
slope efficiency of the BTiO2x SA. The maximum average and peak power generated by the
BTiO2.x SA were 55.67 % and 54.83 % higher than the TiO2 SA. As for mode-locked outputs,
BTiO2.x SA can generate pulsed laser at a low threshold power of 62.29 mW compared to TiO2
SA. Furthermore, BTiO2x SA produced a shorter pulse width of 5.04 ps, whereas TiOz is 9.20 ps.
This study demonstrates that BTiO2x SA has the potential to produce ultrashort pulse width using
the mode-locked technique.

Keywords: Saturable absorber, fiber laser, black titanium dioxide, g-switch, mode-locked.

Introduction

Fiber laser technology has been used widely in major industries such as medical [1], [2],
telecommunication [3], [4], and machinery [5] industries. Industries use a pulsed laser system due to its
high peak power and short pulse width. Q-switched and mode-locking techniques are required to
generate pulsed lasers. Q switching creates intense short light pulses from a laser by adjusting the
intracavity losses and, subsequently, the laser resonator’'s Q factor. These techniques need a saturable
absorber (SA) as one of the main components in the laser system. A passive SA is favorable to an active
SA because of its simple implementation in laser systems. An active SA needs an external trigger to
produce a pulsed laser, while a passive SA can be directly applied to the laser cavity without any
additional devices. Much research is dedicated to producing SA materials to generate higher pulsed
energy lasers [3].

Various SA materials have been discovered and applied in fiber laser systems. Recent research has
discovered new MXene and Max phase family compounds SA materials. They can generate a maximum
output power of 8.17 mW in an erbium-doped fiber laser [6]. One of the common materials used in pulsed
laser systems is Semiconductor saturable-absorber mirrors (SESAM). SESAM can produce 8.37 mW of
maximum average output power using the input power of 46.75 mW with an efficiency of 29.4% [7].

10.11113/mjfas.v20n1.3196

113


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

MJFAS

Johari et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 113-124

However, the production of SESAM is complicated and needs specialised equipment, causing its price
to be high [8]. A few years later, researchers developed graphene as an SA material because of its nearly
zero bands, so that it can be operated in almost all regions [9]. Luo et al. discovered that laser pulse
energy could generate up to 16.7 nJ using a graphene SA [10]. Unfortunately, graphene SA has a low
modulation depth, whereas a high modulation depth is an essential characteristic of an SA material. Next,
black phosphorous (BP) SA was discovered, and the maximum laser pulse energy produced with a BP
SA was 18.6 nJ [11]. Unfortunately, the major drawback of BP SA was its hydrophilic nature [12], [13].
As a result, it required an airtight box to prevent it from exposure to moisture.

Titanium dioxide or titania (TiO2) has been used in applications such as the production of paint and
sunscreen. Researchers have been researching TiO2 to discover its applications in optics [14]. Recently,
researchers found that TiOz has the potential to be used as an SA material due to a fast recovery time
of around ~1.5 ps [15], [16]. Due to its abundance, TiOz2 is cost-effective for SA applications compared
to recently discovered MXene and Max phases SAs. Yusoff et al. used TiO2 recovered from natural
Malaysian ilmenite waste as the SA and produced a laser output pulse with an energy of 47.5 nJ using
a pump power of 57.0 mW [17]. This result shows an increase in pulse energy by about 60 % compared
to BP SA. Ahmad et al. demonstrated that a pulsed laser output with a repetition rate of 81.04 kHz to
90.58 kHz was generated with TiO2 SA in an EDF laser [18].

BTiO2-x, also known as hydrogenated TiOz, is a form of TiO2 with some degree of defects on the particle’s
surface. It is synthesized through the hydrogenation process of TiO2 [19] and chemical reduction
methods [20]. BTiO2x has higher absorption in the UV-visible wavelength region than TiO2z [21]. In terms
of the nonlinear optical properties of BTiO2-x, Zhang et al. reported that BTiO2.x has a three times higher
order of nonlinear optical absorption coefficients than TiO2z [21]. Due to its high nonlinear absorption
coefficient, BTiO2« is a perfect candidate for the SA application. Nevertheless, the potential of BTiO2x
as SA has not been explored.

This report applies TiO2 and BTiO2x SA as passive SA sandwiched between fiber ferrules in a laser
cavity to generate Q-switched and mode-locked in the Erbium-doped fiber laser (EDFL). We used
Polyvinyl alcohol (PVA) as the host for TiO2 and BTiO2-x nanoparticles to produce thin-film SAs using the
airbrush method. As a result, superior laser performance was achieved using BTiO2.x SA, producing
higher output pulse energy than TiO2 SA.

Thin-film Saturable Absorber Preparation

Before the thin-film SA production, the TiOz2 and BTiO2-x nanoparticles powders were characterised using
the X-Ray diffraction (XRD) technique to verify their structural properties. The airbrush spraying method
was applied to control the thickness of the thin-film SA produced, where the SA behaviors change with
the thin film’s thickness [11]. The first step in this work was thin-film SA preparation. Initially, we used
TiO2 nanoparticles as the subject for the thin film sample. Firstly, at room temperature, 0.03 g of TiO2
powder and 15 ml of distilled water were mixed for an hour using a magnetic hot plate stirrer. Then, the
mixture was put into an ultrasonic bath for 30 minutes to ensure the TiO2 was blended well with the
distilled water. In the meantime, PVA solution was prepared by mixing 1 g of PVA powder with 120 ml of
distilled water as a solvent. TiO2-distilled water solution was then mixed with PVA solution with a ratio
of 15 ml:7.5 ml. After that, the mixed TiO2- PVA solution was stirred for an hour using a magnetic hot
plate stirrer and then put into an ultrasonic bath for 30 minutes.

Before starting the airbrush process, acrylic plate sides were polished using sandpaper. Then, the acrylic
plate was put into an ultrasonic bath for 15 minutes. After that, the acrylic was wiped using optical lens
tissue. Next, the TiO2-PVA solution was placed in an airbrush container for spray deposition. The
airbrush setup was connected to a tube from the argon gas tank that provided 50 kPa of argon gas
pressure, by which the solution drip rate was maintained, and the TiO2-PVA solution was automatically
pulled from the solution chamber into the airbrush. A fixed distance of 10 cm was maintained between
the spraying nozzle and the acrylic plate. During the airbrushing process, a hot plate was positioned
underneath the acrylic plate to dry the droplets that landed on the plate. The spray coating process was
repeated with a constant pattern to form 50 coating layers. Once the spray coating was completed, the
coated acrylic was left to cool naturally at room temperature before peeling the thin film from the acrylic
plate's surface. These thin-film SA preparation steps were repeated to prepare a BTiO2x thin film. Figure
1 below summarises the steps to produce the thin-film SAs. The thin-film SAs were characterised using
UV-Vis spectroscopy and a scanning electron microscope (SEM) for their optical and morphological
properties. The nonlinear absorption coefficient 8 values for thin-film SAs were determined using a
single beam z-scan technique based on a 532 nm CW laser.
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Figure 1. Preparation of TiO2 and BTiOz2« thin films

Experimental Setup

The pumping source for the laser cavity was a 976 nm laser diode. The pumping laser beam was coupled
into the laser cavity using a 980/1550 nm wavelength division multiplexer (WDM). As shown in Figure 2,
an erbium-doped fiber with a length of 2.4 m was used as the gain medium with a total cavity length of
6 m in the laser cavity. The EDF’s numerical aperture (NA) was 0.2, and the core diameter was 5.8 pm.
An isolator was added to the ring cavity to ensure the laser beam propagated in a single direction. The
thin-film SA, which has a dimension of 1 mm x 1 mm, was sandwiched between two fiber ferrules with
the help of an FC-to-FC adapter added to the ring cavity. An index-matching gel was added between the
fiber ferrules and the SA to prevent parasitic reflections. Finally, a 90:10 coupling ratio output coupler
was employed to transmit 10% of the signal out of the cavity for measurement. The Q-switched laser
output was generated. A 100m single-mode fiber (SMF) was added to the cavity to generate mode-
locked laser output, as shown in Figure 2. Therefore, the total cavity length of the mode-locked setup
was 106 m.

A digital power meter, an optical spectrum analyser, a digital oscilloscope, a radio frequency spectrum
analyser, and an autocorrelator were used to characterise the pulsed laser output. The output power of
the pulsed laser was measured using the digital power meter (Thorlabs PM100D). The optical spectrum
analyser (YOKOGAWA AQ6370D) with a resolution of 0.02 nm was used to characterise the laser optical
spectrum. To capture the temporal features of the pulsed laser output, the 350 MHz digital oscilloscope
(GWINSTEK, GDS-3352) and the 7.8 GHz radio frequency spectrum analyser (ANRITSU, MS2683A)
were used, where the equipment was connected to the laser output fiber through an InGaAs
photodetector.
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Figure 2. Experimental setup of EDF laser

Result and Discussion

Characterisation

The structural analysis of the BTiO2-x and TiO2 powders was carried out using the X-Ray diffraction
(XRD) technique. XRD was helpful in ascertaining the samples’ crystallographic structures and verifying
the nature of the samples. Figure 3 shows the XRD patterns of BTiO2x and TiO2 powders. For the TiO2
sample, clear XRD peaks were acquired, which indicates the crystalline nature of the sample. The XRD
pattern of TiO2 sample fairly matches with the crystalline features of anatase (PDF card # 21-1272) [22].
The prominent diffraction peak observed at 26 = 25.29° can be attributed to the (hkl) crystal planes of
the sample, with the most probable Miller indices corresponding to (1 0 1) as supported by Chougala et
al. [23]. On the other hand, the XRD pattern of BTiO2.x sample shows clear XRD peaks that indicate the
crystallinity of BTiO2.x sample is significantly lower than the TiO2 sample. This drop in the crystallinity
happens during the production of BTiO2x powder through the reduction of TiO2 with NaBHa4 [24].
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Figure 3. XRD patterns of BTiO2-x and TiO2 powders

UV-Vis spectroscopy was used to determine the linear absorption coefficient. This information was also
required to calculate the nonlinear absorption coefficient. The absorption values at 1566 nm for the
BTiO2.x and TiO2 SA are 4.328 a.u. and 4.745 a.u, respectively, as shown in Figure 4. This result shows
that the BTiO2x SA has a superior linear absorption coefficient compared to TiO2 SA. Figure 5 shows a
scanning electron microscope (SEM) image of the TiOz thin-film SA cross-section. From the figure, the
thin film formed using the airbrush technique has a mean thickness of 63.833 um.
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Figure 4. UV-Vis-NIR spectroscopy of TiO2 and BTiO2x
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63.833 um

Figure 5. SEM image of thin film on the acrylic plate

Z-scan measurement was used to measure the nonlinear absorption coefficient of the thin-film SAs. The
procedures of z-scan measurement were done according to Munzir et al. [25]. Figure 6 (a) and (b) clearly
show the open aperture signals from BTiO2x and TiO2, respectively. The open aperture signals show
that both SAs have the saturable absorber behavior. From the analysis of the open aperture Z-scan
measurement, BTiO2x SA has a higher nonlinear absorption coefficient, B, -12.46 x 107 m/W, which is
higher than TiO2 SA, -7.15x 107 m/W, by 78%. The high nonlinear absorption coefficient of BTiO2« leads
to enhanced nonlinear effects and broader possibilities for pulsed laser manipulation and control.
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Figure 6. Fitted data from z-scan measurement for (a) TiOz2 and (b) BTiO2x

Q-Switched Performance

Figure 7 shows the OSA traces of both continuous wave (CW) and Q-switched outputs obtained. The
CW output was taken without the SA in the cavity. In the CW mode, the laser’s output wavelength was
1566.62 nm with a linewidth of 0.053 nm. For the TiO2 SA Q-switched output, the output wavelength of
the laser pulse shifted to the short wavelength at 1563.24 nm, and its linewidth was 0.096 nm. In contrast,
the BTiO2x SA’s wavelength and linewidth were 1565.75 nm and 0.212 nm, respectively.
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Figure 7. OSA traces of EDF laser outputs

Figure 8 shows the oscilloscope trace of the laser output pulses for the TiO2 and BTiO2.x SAs at a pump
power of 76.05 mW. The repetition rates of the laser were 39.06 and 36.76 kHz for the TiO2 and BTiO2x
SAs, respectively.
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Figure 8. Oscilloscope traces at 76.05 mW pump power for (a) TiOz2and (b) BTiO2.x SAs.

The highest repetition rate achieved for the TiO2 SA was 44.60 kHz with a pulse width of 8.44 ps, while
for the BTiO2 SA, it was 35.77 kHz with a pulse width of 7.48 ps, as presented in Figure 9. Due to the
higher nonlinear coefficient for BTiO2x SA compared to TiO2 SA, shorter pulses can be achieved by
compressing the pulses or controlling the pulse intensity modulation using nonlinear absorption. The
performance of the laser outputs for the TiO2 and BTiO2.x SAs can be represented through the slope
efficiency of the graph as shown in Figure 10 (a), which are 2.48 % and 2.22 %, respectively. The range
of laser output power produced by the TiO2 SA was 0.72 mW to 1.751 mW, while the BTiO2x SA
generated output power from 1.401 mW to 2.367 mW. Furthermore, Figure 10 (b) represents the pulse
energy produced by the TiO2 was 26.79 nJ to 44.83 nJ when the pump power was increased from 85.21
mW to 126.48 mW. Similarly, the BTiO2.x SA generated pulse energy of 52.69 nJ to 64.39 nJ when the
power increased from 85.21 mW to 126.48 mW. From these results, BTiO2« is a better SA material than
TiO2 due to its ability to produce a shorter pulse width and higher pulse energy in the Q-switched
operation.
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Figure 10. (a) Output power against pump power & (b) pulse energy against pump power graphs for
TiO2 and BTiO2x SAs

Figure 11 shows that when the pump power of the diode laser was increased, the peak power of the
lasers for the TiO2 and BTiO2.x SAs also increased. TiO2 and BTiO2.x SA’s peak powers increase from
4.33 mW to 13.71 mW and 6.29 mW to 22.32 mW, respectively. The higher peak power achieved by the
BTiO2x SA is due to the combined effect of short pulse width and high pulse energy.
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Figure 11. Peak power against pump power
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Mode-locked Performance
Figure 12 shows the output power of mode-locked laser pulses produced by TiO2 and BTiO2.x SAs. TiO2
SA has better slope efficiency in a mode-locked setup, about 37.72 %, compared to BTiO2x SA in Figure
12. However, due to the high threshold, TiO2 SA needs higher pumped power to generate a mode-locked
laser, contrary to BTiO2.x SA, which requires only 62.29 mW of threshold pump power.
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Figure 12. Output power against input power in mode-locked setup (a) TiOzand (b) BTiO2x SAs

Figure 13 shows that both SAs produced a consistent repetition rate of 1.87 MHz, demonstrating the
laser’s stability. Figure 14 (a) and (b) represent RF signals from both SAs, showing a stable mode-locked
laser generation for TiO2 and BTiO2x SA with signal-to-noise ratios of 52.04 dB and 41.47 dB,
respectively. In addition, the RF signal recorded also shows that BtiO2-x SA produced a more stable laser
where the signal harmonics up to 40 MHz compared to TiO2 up to 17 MHz.
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Figure 14. RF signals generated by (a) TiOzand (b) BTiO2x SAs
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Figure 15 shows the autocorrelator data used to determine the mode-locked pulse width of the laser
outputs produced. The mode-locked pulse widths produced from TiO2 and BTiO2.x SAs were determined
to be 9.20 ps and 5.04 ps, respectively, as presented in Figure 15 (a) and (b). BTiO2.x SA produces a
shorter pulse width than TiO2 SA, even though BTiO2.x SA needs a lower pump power to generate a
mode-locked laser. It shows the superiority of BTiO2x SA over TiO2 SA in generating short pulsed laser
output as a passive saturable absorber in mode-locked operation.
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Table 1 compares BTiO2.x SA performance in this work with other SA materials in mode-locked operation.
As indicated in Table 1, the BTiO2.x SA performed better than the graphene SA in producing the shortest
pulse width in the EDF laser system. Moreover, the BTiO2.x SA was almost comparable with the zinc
oxide SA in generating a high repetition rate pulsed laser. However, TizSiC2 MAX phase and Ti3SiC2
MAX phase SAs can produce much shorter pulse width compared to BTiO2x SA due to higher saturation
intensity.

Table 1. Comparison of BTiO2x based saturable absorber lasing performance in mode-locked setup

SA Material Pulse width (ps) Repetition Rate (MHz) Reference
Black Titanium Dioxide 5.04 1.8 This paper
Titanium Dioxide 9.2 1.8 This paper
Graphene 24 x 103 5.78 [26]
SESAM 2x108 0.2507 [27]
Tungsten disulphide 29.7 8.05 [28]
Zinc oxide 4 x105 1 [29]
TizSiC2 MAX phase 3.03 1.88 [30]
MXene TizCaTx 3.68 1.89 [31]
Conclusion

The BTiO2« thin-film SA had the potential to replace the TiO2 as a saturable absorber in the EDF laser
system, where it managed to modulate the laser to produce a better Q-switched pulsed laser. The results
reveal that the slope efficiency using the BTiO2x SA had a lower efficiency of about 11.72 %. However,
this SA produced higher output energy than the TiO2 SA, which was about 60.9 % higher. Moreover, the
highest pulse energy produced with BTiO2x SA was 64.39 nJ, which was 67.4 % better than TiO2 SA.
Introducing metal nanoparticles (NPs) in the BTiO2x SA could enhance the laser performance in pulse
energy and peak power. The surface plasmon resonance of metal NPs should improve the absorption
of photons, improving the Q-switching performance in the SA.
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