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We demonstrate a stable mode-locked Erbium-doped fiber laser (EDFL) by employing a
titanium dioxide (TiO,) polymer composite film as a passive SA. The film has a loss of 3.0
dB and modulation depth of 40.0% at 1550 nm. A 186 m long single-mode fiber (SMF) is
added into the laser cavity so that it operates in normal dispersion regime. The ring laser
produces a stable dissipative solition mode-locking pulse as the input pump power is
maintained within 73 mW to the maximum power of 157 mW. The laser has a central
wavelength, 3 dB spectral bandwidth, pulse duration, and repetition rate of 1563 nm, 0.39
nm, 271.3 ns, and 1.038 MHz, respectively. The maximum pulse energy of 6.25 nJ is
obtained at the maximum input pump power of 157 mW. This result suggests that TiO,
could be further investigated for pulsed laser applications.
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1. Introduction

Ultra-short pulse fiber lasers have gained increasing interest due to their great potential
applications in fields such as spectroscopy, fiber communication and biomedical diagnoses [1-2].
Up to now, most of these lasers have adopted passive mode-locking technique, in which saturable
absorbers (SAs) act as a key component. The improvement of lasers relies on the optical properties
of SAs, for instance, transparency and optical non-linearity. There have been attempts on several
types of SAs materials. Semiconductor SA mirrors (SESAMS) currently dominate passive mode-
locking. However, some intrinsic disadvantages of SESAMs still remain, such as limited operation
bandwidth and complex fabrication/packaging [3]. Therefore, many works are devoted to two
dimensional (2D) nanomaterials, such as graphene [4-5], topological insulator (TI) [6] and
molybdenum disulfide (MoS,) [7] for generating ultrafast fiber lasers. This is mainly attributed to
their remarkable advantages such as ultrafast recovery time, controllable modulation depth, and
saturable absorption characteristics.

Recently, titanium (1V) dioxide (TiO2), a newly emerging semiconductor nanomaterial,
has also gained wide attention in recent years as a thin film material for potential application in
microelectronic layered structures [8]. Some important parameters that determine the Q-switching
and mode-locking abilities of a saturable absorber are recovery time, absorption characteristic,
modulation depth and damage threshold. TiO, has a recovery time of ~1.5 ps when observed using
780 nm, 250-fs laser [9]. An open-aperture Z-scan on TiO, films also reveals nonlinear optical
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properties known as saturable absorption and two-photon absorption [10]. Although the band gap
of TiO, is ~3.2 eV (387 nm) [11], its spectral absorption can be extended until the near-infrared
(NIR) region [12]. This can be explained by the quantum size effect of TiO,, where the absorption
depends on the crystal form and particle size [13].

Herein, we demonstrate a passive mode-locked fiber laser utilizing a free-standing TiO,/
polyvinyl alcohol (PVA) nanocomposite film as a mode-locker. PVA is used because of its
capability to form film while having favorable physical properties such as good chemical
resistance, biocompatibility and hydrophilicity [14].

2. Preparation and characterization of the TiO; based SA

We prepare TiO, solution by solving commercially available anatase TiO, powder in
distilled water with the assistance of 1% sodium dodecy! sulphate (SDS) solvent. The TiO, powder
is 99% pure and has a diameter of less than 45 um. The mixture was then stirred for 5 minutes so
that the TiO, material was dispersed homogeneously. The TiO, solution was centrifuged at speed
of 3000 rpm for 15 minutes and the supernatant containing the TiO, suspension in solution was
collected for use. The dispersed TiO, solution was then added into a polymer solution of 1 g PVA
powder in 120 ml deionized water (DI). The mixture was stirred at 90°C until the polymer was
completely dispersed. It is then cooled down to room temperature. Then the TiO, and PVA
mixture was thoroughly mixed through a centrifuging process to form a composite precursor
solution. Finally the precursor solution was poured onto a glass petri dish and heated in a vacuum
oven for nearly 2 days to form a free standing film.

Raman spectroscopy was then performed by exciting the fabricated film sample by a 514
nm laser to verify the presence of TiO, material. The Raman spectrum obtained is shown in Fig. 1.
It exhibits five distinct Raman peaks at approximately 145, 198, 399, 516, and 640 cm™', which
correspond to the first Eg, second Eg, Bi1g, Ayg, and third E4 band, respectively. The result is in good
agreement with the Raman spectrum reported by Balachandran & Eror [15]. The high peak
intensity at 145 cm™ confirms that this TiO, is only observed in the Raman spectrum of anatase
crystalline structure.
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Fig. 1: Raman spectrum of the fabricated TiO, film.

Twin detector measurement technique was then employed to characterize the nonlinear
optical response of this fabricated TiO, film sample. In the experiment, a stable self-constructed
passively mode-locked fibre laser operating at 1560 nm with a frequency repetition rate of 26 MHz
and pulse duration of 600 fs was used as the input pulse light source. The output powers from both
detectors were recorded as we gradually increased the output power value. From the result, the
absorption was calculated and later, was fitted using the following saturation model formula [16]:

a(l) =
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where a(1) is the absorption rate, is the modulation depth, I is the input light intensity, I, is
the saturation intensity, and a,, is the non-saturable absorption. The absorptions at various input
intensities were recorded and plotted as shown in Fig. 2 after curve fitting using the above
saturation model formula. The saturation intensity and modulation depth of the saturable absorber
are 0.008 MW/cm? and 40.0 %, respectively. The saturation intensity for different saturable
absorber are 58.59 MW/cm? for Bi,Te; [17] and 0.43 MW/cm? for MoS, [18]. Taking into account
its nonlinear optical response may lead to absorption saturation at relatively low fluence, the TiO,
film is expected to function very well as a passive SA in a fiber laser setup.
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Fig. 2: Measured saturable absorption of the fabricated TiO, film

3. Configuration of the TiO. based mode-locked EDFL

To evaluate the fabricated TiO, film for mode-locking ability, the fiber laser cavity is
schematically designed to operate at wavelength of 1.5 um. Fig. 3 shows the proposed
configuration for the mode locked EDFL, which employ the fabricated TiO, film based SA as a
passive mode locker. It uses a 1.4 m long EDF, which is pumped by a 980 nm laser diode through
a 980/1550 nm wavelength division multiplexer (WDM), as a gain medium. The EDF used has
core and cladding diameters of 9 um and 125 um respectively, a numerical aperture of 0.24 and
Erbium ion absorption of 23.9 dB/m at the pump wavelength of 980 nm. The TiO, film is
sandwiched between two ferrule connectors via a fiber adapter before it is inserted into the laser
cavity to act as a passive mode-locker. The film has an absorption of 3.0 dB at 1550 nm region
with thickness of around 30 pum. The polarization insensitive isolator is incorporated inside the
cavity to ensure unidirectional propagation of light in the laser cavity. A 186 m long single-mode
fiber (SMF) was added in the cavity to gain sufficient amount of phase shift per round trip in the
cavity for assisting mode-locked generation. The signal is coupled out using a 80:20 coupler which
allows 80% of the light to oscillate in the ring cavity. The ring resonator comprises a 1.4m EDF,
186m of additional SMF and 6.6m another SMF from the components and thus the total cavity
length is approximately 194 m.
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Fig. 3: The schematic setup of the mode locked EDFL employing the fabricated TiO, film based SA.
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4. Mode-locking Performance

A stable self-started mode-locked pulse is generated as the pump power is increased
gradually above the threshold pump power of 73 mW. This mode-locking threshold is
relatively high due to by the high insertion loss of the TiO, film based SA. The TiO, film is also
observed to maintain stable without thermal damage as the pump power was further increased to
the maximum availbale pump power of 157 mW. The laser also produces a stable repetition rate,
which shows that the mode-locking operation is maintained up to the maximum pump power.
Fig. 4 shows the output optical spectrum measured under a pump power of 73 mW. It operates
at central wavelength of 1563 nm with the 3-dB spectral bandwidth is measured to be about
0.39 nm. We also observe the optical spectrum broadening, which is most probably due to the
self-phase modulation effect in the laser cavity. Fig. 5 shows the typical mode-locked pulse
train at pump power of 157 mW. The repetition rate of the pulse train is obtained at 1.038 MHz,
which matches with the cavity length of about 194 m. The mode-locked pulse has a pulse
duration of about 271.3 ns and the time-bandwidth product is calculated to be 12987, which
indicates that the optical pulse is heavily chirped. The large frequency chirp obtained verify
that the generated pulse is a dissipative soliton, which its formation is a natural consequence of
the mutual balance between the gain, loss, dispersion and nonlinearity characteristics inside the
cavity. The formation of dissipative soliton was also widely reported in graphene based mode-
locked fiber lasers [19].
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Fig. 5: Typical mode-locked pulse train at input pump power of 157 mW

Fig. 6 shows the measured average output power and the calculated single pulse energy
against the input pump power. It is clearly shown that the output power increases from 3.0 mW
to 6.5 mW as the corresponding pump power is tuned from threshold power of 73 mW to the
maximum pump power of 157 mW. The optical-to-optical efficiency is relatively lower
(4.16%) because of the high insertion loss of the SA film. On the other hand, the calculated
pulse energy also almost linearly increases with the pump power. The maximum pulse energy
of 6.25 nJ is obtained at the maximum pump power of 157 mW. In order to examine the
stability of the laser, the radio frequency (RF) spectrum is also obtained using a RF spectrum
analyzer at input pump power of 157 mW. The result is plotted in Fig. 7, which shows the
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fundamental frequency of 1.038 MHz. This frequency matches to the pulse period (peak to peak
duration) of the oscilloscope trace. The RF spectrum has a high SNR up to 51 dB, further
indicating the stability of the obtained pulse train. Further work on reducing the film loss and
optimizing the EDFL cavity is important especially for the high power operation of the laser.
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Fig. 6. Average output power and single pulse energy against the pump power.
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Fig. 7. The measured RF spectrum at pump power of 157 mW.

4. Conclusions

Dissipative soliton mode-locked pulse trains have been successfully obtained in a ring
EDFL cavity using a TiO, film as a SA. The film was prepared from precursor which was obtained
by mixing the dispersed TiO, suspension into a PVA solution. It has a loss of 3.0 dB and
modulation depth of 40.0% at 1550 nm. The laser operates in normal dispersion regime since a
186 m long SMF is into the ring cavity.

A stable dissipative solition mode-locked pulse is produced as the input pump is
maintained within 73 mW to the maximum power of 157 mW. The laser has a central operating
wavelength, 3 dB spectral bandwidth, pulse duration, and repetition rate of 1563 nm, 0.39 nm,
271.3 ns, and 1.038 MHz, respectively. The maximum pulse energy of 6.25 nJ is achieved at the
maximum input pump power of 157 mW. These results indicate that the proposed TiO, film could
be useful as a simple, low-insertion-loss, low-cost, ultrafast SA device for ultrafast laser
generation applications.
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