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Abstract

The TiSe, nanosheets were prepared by means of ultrasound-assisted liquid
phase exfoliation (LPE) and the nonlinear saturable absorption properties
were experimentally investigated. The modulation depth, saturation intensity
and nonsaturable absorbance of the prepared 1T-TiSe, SA were 15.7%, 1.28
MW/cm® and 8.2%, respectively. Taking advantage of the saturable absorp-
tion properties of TiSe,-based SA, a passively Q-switched erbium-doped fiber
(EDF) laser was systematically demonstrated. The pulse repetition rates va-
ried from 24.50 kHz up to 73.79 kHz with the increasing pump power. The
obtained shortest pulse width was 1.31 ps with pulse energy of 79.28 n]J. The
system presented merits of low-cost SA preparation, system compactness, su-
perb stability and high competition.
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1. Introduction

Compared to continuous-wave (CW) lasers, short-pulse lasers can remarkably
improve some applications due to the much higher peak power with much lower
average power lever. Passively Q-switching and mode-locking using saturable
absorbers (SAs) are the main mechanisms to modulate the laser operation from
CW into pulsed regime, and SAs play a vital role in such processes [1] [2] [3].

In the race towards new SAs, researchers have paid increasing attention to
pursuing materials with features of wider saturable absorption bands, higher
nonlinearity, larger modulation depth and higher carrier mobility. Among them,
two-dimensional (2D) materials have been fully investigated in optics operations

as SAs from 2004 [4]-[10]. Every kind of 2D materials presents both unique ad-
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vantages and specific disadvantages [11] [12]. Especially transition metal di-
chalcogenides (TMDs), a family of 2D materials, are characterized by naturally
large band gaps that they are unavailable for the mid-infrared region (MIR).
Although they can be reduced to the level available for mid-infrared applica-
tion by introducing a series of defects, the preparation process and cost are
complicated.

However, the idea has been renewed by the appearance of 1T-phase titanium
diselenide (1T-TiSe,), a model 2D transition metal dichalcogenide (TMDs), be-
cause of the semimetal behavior with overlapping valence and conduction bands.
Firstly, its bandgap is as narrow as 0.15 electon-volt (eV), even smaller or non-
existent [13], which, compared with other members of TMDs, is more advanta-
geous in supporting broadband response from the visible to MIR wave band.
Secondly, the layered crystalline structure of 1T-TiSe, has relatively weaker van
der Waals forces between interlayers than most TMDs, which makes it easier to
exfoliate films with different thickness from bulk form. Furthermore, it is cha-
racterized by ultrafast relaxation time (in the sub-100-fs range), large number of
carriers, and strong light-matter interactions. The merits above make 1T-TiSe, a
promising broadband SA for passively Q-switched and mode-locked lasers.

In 2013, 1T-TiSe, was firstly applied in passively Q-switched solid-state lasers
by Bingzheng Yan et al [13]. The shortest pulse widths were 483, 344, 350, and
160 ns with the highest repetition rates of 152, 224, 84, and 78 kHz at lasing wa-
velength of 1.0, 1.3, 2.0, and 2.8 pum, respectively. In 2018, a passively Q-switched
laser operating at 2.95 pm based on an 1T-TiSe, SA was first realized by Hong-
kun Nie et al [14], where a pulse width as short as 160.5 ns was generated at a
repetition rate of 98.9 kHz. 1T-TiSe, has as well been applied in passively Q-
switched fiber lasers. In 2018, Wenjun Liu et al firstly achieved a passively Q-
switched erbium-doped fiber (EDF) laser operating at 1530 nm based on 1T-
TiSe, SA mirror (SAM) [15], hence a fraction of free space optical-path is in-
volved. The shortest pulse duration was 1.126 ps with the corresponding repeti-
tion rate and output power of 154 kHz and 11.54 milliwatt (mW), respectively.
On aspect of preparation of the 1T-TiSe, SA, the method is more costly and
complex than the 1T-TiSe, SA utilized both in our paper and previously reported
papers.

In this contribution, we demonstrate a passively Q-switched EDF laser oper-
ating at 1560.472 nanometer (nm) with simple ring cavity configuration based
on 1T-TiSe, SA. The pulse repetition rates vary from 24.50 kHz up to 73.79 kHz
with the increasing pump power. The obtained shortest pulse width and pulse
energy are 1.31 microsecond (us) and 79.28 nanojoule (n]), respectively. Com-
paratively, the work is characterized by merits of simple as well as low-cost SA
preparation process, compactness, superb stability and high competition. On the
other hand, the system is free of air-space, which means a total-fiber system with
advantages of integrated structure and convenient maintenance in practical ap-

plications.
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2. Preparation and Characterization of 1T-TiSe2 SA

In this work, ultrasound-assisted liquid phase exfoliation (LPE), an easy and
low-cost method is adopted to prepare the 1T-TiSe, nanosheets. Firstly, 10 mg
1T-TiSe, powder is dispersed into 10 milliliter (ml) 30% alcohol. The mixture is
stirred for 30 minutes and subsequently, undergoes ultrasonication for 3 hours
to obtain 1T-TiSe, dispersion. Then the dispersion solution is further centri-
fuged at a rate of 1500 revolutions per minute (rpm) for 30 minutes until the
1T-TiSe, is thoroughly dispersed and supernatant liquor is collected for the sub-
sequent experiments, which is shown in Figure 1. After that, 160 milligram (mg)
polyvinyl acetate (PVA) is added into 4 ml 1T-TiSe, dispersion, and the mixture
undergoes 2 hours ultrasonication process to prepare uniform 1T-TiSe,-PVA
dispersion. PVA is used as the polymer matrix both to form film to host the
1T-TiSe, and to avoid its oxidation. A single drop of the obtained 1T-TiSe, solu-
tion is immersed on the end of the fiber. Then, the sample is dried for 24 hours
at a temperature of 25°C and finally, the 1T-TiSe, SA is obtained.

As shown in Figure 2(a) and Figure 2(b), the surface morphology of 1T-TiSe,
is analyzed by using scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM), where the clear appearance and uniform lattice fringes of
1T-TiSe, are presented. Figure 2(c) shows the higher resolution TEM (HRTEM)
image, which exhibits no obvious defect. The selected area electron diffraction
(SAED) image shown in Figure 2(d), depicts a high crystallinity.

The Raman spectrum of 1T-TiSe, nanosheets is tested and shown in Figure 3.
The in-plane mode (Z,) and out-of-plane mode (A4,,) can be clearly observed.
The E, peak is located at 134.15 cm™ while 4,, peak at 198.04 cm™, which
matches closely with the previous reports [13].

To confirm the thickness of the prepared 1T-TiSe,-SA, an atomic force micro-
scopy (AFM) is implemented. The AFM image and height profiles are shown in
Figure 4(a) and Figure 4(b). The thickness of the transferred layers in the inves-

tigated area is found to be ~16 nm, corresponding to the layer number of ~28 [14].

Figure 1. Supernatant liquor of the 1T-TiSe, nanosheets.
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10 1/nm

Figure 2. (a) SEM image of 1T-TiSe, nanosheets. (b) TEM image of 1T-TiSe, nanosheets.
(c) The high resolution image of 1T-TiSe, nanosheets. (d) The selected area electron dif-
fraction of 1T-TiSe, nanosheets.
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Figure 3. Raman spectrum of the prepared 1T-TiSe, nanosheets.
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Figure 4. The AFM of the 1T-TiSe, nanosheets.
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The nonlinear optical absorption properties of the 1T-TiSe,—based SA are
investigated by the commonly-used balanced twin-detector measurement scheme.
A fiber laser operating at central wavelength of 1550 nm is utilized with 10 ps
pulse duration and fundamental frequency of 13.1 MHz, respectively. The non-
linear power-dependent normalized saturable absorption curve of the 1T-TiSe,
SA is presented as blue dots in Figure 5. It is seen that as the light intensity
gradually increases, the nonlinear optical transmission approximately increases
to 91.8% and remains saturated there, which reveals a typical saturable absorp-
tion characteristic. The modulation depth, saturation intensity and nonsaturable
absorbance are 15.7%, 1.28 MW/cm” and 8.2%, respectively. It is seen that the
data matches closely to the curve, presented as red line, of the saturable absorp-

tion formula:
T(I)=1-ATxexp(-1/I,)-T, (1)

where 77J) is transmission, A T'is the modulation depth, /is input laser intensity,
I, and T, are saturation intensity and nonsaturable absorbance, respectively
[16] [17].

We also measured the linear transmission spectrum of the 1T-TiSe, nanosheets
in the range of 200 - 2000 nm using a UV/VIS/NIR spectrophotometer (U-3500,

Hitachi, Japan). As shown in Figure 6, the red line displays the transmittance
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Figure 5. The nonlinear optical absorption properties of thel T-TiSe, SA.
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Figure 6. Linear transmission spectra of the blank quartz substrate and the 1T-TiSe, SA
on quartz substrate.
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of the 1T-TiSe, sheets on the quartz substrate, and the blue line displays the
transmittance of the blank quartz substrate under the same conditions. In the
wavelength range of 400 to 2000 nm, the transmittances of the 1T-TiSe, nano-
sheets and the blank quartz substrate are 90% + 1.0% and 93% + 0.1%, respec-
tively meaning the net transmittance of the 1T-TiSe, nanosheets is about 97%,
and the scattering loss is 3%. Besides, the result means that such a 1T-TiSe, SA
enables a wider application scope.

As described in [18], a good SA should have both a high modulation depth
(e.g. ~10% for fiber lasers) and a low value of saturation intensity. In the precede
work [19], the modulation depth and the saturation intensity are around 6.4%
and 15 gigawatts per square centimeter (GW/cm?). While, in our work, the
1T-TiSe, SA has larger modulation depth of 15.7% and lower saturation intensi-
ty of 1.28 megawatt per square centimeter (MW/cm®), respectively, which are
much more suitable for nonlinear saturable absorption in achieving ultrafast

pulses.

3. Experimental Setup

The schematic of the passively Q-switched erbium-doped fiber laser using the
1T-TiSe,-based SA is given in Figure 7, where the laser cavity shows the ring-
shaped structure. A commercial 976 nm laser diode with a maximum power of
400 mW is used as a pump, which is coupled into the laser cavity through a
980/1550 wavelength-division multiplexing (WDM). A 6 m long EDF (Nu-
fern-EDFC-980-HP) is used as the gain medium. The prepared 1T-TiSe, SA is
inserted into the cavity after the EDF. A polarization independent isolator (PI-
ISO) is used to ensure the unidirectional operation of laser cavity. A polarization
controller (PC) is used to optimize the cavity birefringence. Additionally, 20% of
the laser power is extracted from the cavity using an optical coupler (OC). The
length of the cavity, including the EDF and the tail fibers is about 11 m. The
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Figure 7. The schematic of the passively Q-switched EDF laser based on the 1T-TiSe, SA.
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output spectrum, the pulse trace and the average output power are detected by a
spectrum analyzer (YOKOGAWA AQ6370B), a digital oscilloscope (Tektronix
DP04104), and a power meter (Molectron PM3), respectively.

4. Experimental Results and Discussion

At the beginning of the experiment, increase the pump power simultaneously
adjust the PC to change the polarization state of the modes in the cavity. The
stable passively Q-switched pulse is achieved when the pump power is increased
to 37 mW. The system operates in stable Q-switched state in the 37 - 400 mW
pump range.

The shortest pulse width of 1.31 us with a repetition rate of 73.79 kHz is ob-
tained at the pump power of 400 mW. At this moment, a single pulse envelope
with the corresponding pulse sequence is recorded and separately shown in Fig-
ure 8(a) and the inset, respectively. The train of pulses is stable and there is no
significant jitter on the oscilloscope. Figure 8(b) shows the output spectrum of
the system, which reveals a center wavelength of 1560.472 nm.

The pulse properties in Q-switched lasers depend on nonlinear dynamics in

the gain medium and SA. A pulse is emitted once a certain stored energy in the
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Figure 8. (a) The typical single pulse sharp of Q-switched fiber laser. The inset is the output pulse train; (b) The output spectrum
of Q-switched fiber laser; (c) The pulse duration and pulse repetition rate versus the pump power; (d) The output power and pulse

energy versus the pump power.
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cavity is reached. This leads to a dependence of repetition rate and pulse dura-
tion upon pump power. Thus, a greater pump power enables higher repetition
rates and also results in shorter pulses. This is observed experimentally and rec-
orded in Figure 8(c) as the pulse duration is reduced from 9.47 ps to 1.31 us
while the repetition rate is increased from 24.50 kHz to 73.79 kHz, respectively,
along with the increasing pump power from 37 to 400 mW. Figure 8(d) depicts
the relationships of output power and the single pulse energy vs. the pump pow-
er, respectively. When the pump power is 400 mW, the obtained maximum av-
erage output power is 5.85 mW with energy of 79.28 nJ for each pulse, corres-
ponding to optical-to-optical efficiency and slope efficiency of 1.46% and 1.55%,
respectively. Although the slope efficiency is relatively low, we can further im-
prove it by optimizing the 1T-TiSe, SA parameters and cavity design, combining
with optimizing the splitting ratio of the output coupler (OC), and then increas-
ing the pump power. Such measures have been also discussed in [20].

The pulse trains at different pump power levels are shown in Figure 9. During
the whole experiment period for more than one month, the Q-switched pulse
sequence remains highly stable. It reveals the facts that, on one hand, the
1T-TiSe, nanosheets film is free from damage at present pump power. On the
other hand, the 1T-TiSe, nanosheets film presents high stability and antioxidant
capacity in ambient condition, which plays a critical role in the practical applica-
tions as optical devices.

Generally, RF spectrum analyzer is employed to monitor the output pulse
trains in frequency domain and better describe the noise of the Q-switched op-
eration. However, there is no RF spectrum analyzer at present in our Lab. So al-
ternatively [21] [22], the spectra of the Q-switched system are measured in a
time duration of 2 hours with an interval of 30 min, which is shown in Figure
10. It can be seen that the Q-switched EDF laser exhibits an excellent stability at
room temperature.

In the experiment, there is no optical damage occurred to thelT-TiSe, SA.

And limited to the available pump power in our lab, the pump power limit of the
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Figure 9. Pulse trains at different pump power.
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Figure 10. The measured spectra of Q-switched fiber laser at 30 min interval within a
span of 2 h.

1T-TiSe, SA can not be tested.

In the first report of passively Q-switched EDF laser modulated by 1T-TiSe,
SA [19], on one hand, the TiSe,-SAM is prepared by a combination of magne-
tron sputtering method and CVD method. While, in our work, the SA is pre-
pared by directly depositing a 1T-TiSe, nanostructured film onto the end surface
of a fiber, which is much simpler, more economical as well as practical. Besides,
in [19], the ring cavity is complicated, the operation is complexed and the com-
pactness of the laser system is degraded because the existence of the free-space
between the 1T-TiSe, SAM and the circular in the ring fiber laser regime. Com-
paratively, our total-fiber system presents a more compact construction, high
stability and competitive output results with advantages of convenient mainten-
ance and suitableness of practical applications [23].

On the other hand, as described in [18], a good SA should have both a high
modulation depth (e.g. ~10% for fiber lasers) and a low value of saturation in-
tensity. In [19], however, the modulation depth and the saturation intensity are
around 6.4% and 15 GW/cm’, respectively. The modulation depth is rather low
and the saturation intensity is too high, which reveals potentiality to further
compress pulses by optimizing the parameters of the 1T-TiSe, SA. While, in our
work, the 1T-TiSe, SA has larger modulation depth of 15.7% and lower satura-
tion intensity of 1.28 MW/cm?, respectively, which are much more suitable for
nonlinear saturable absorption in achieving ultrafast pulses.

Various 2D materials have been used as saturable absorbers for erbium-doped
Q-switched lasers. We summarize and list the performance of current and pre-
vious EDF lasers based on various 2D saturable materials in Table 1. Compared
with previous experimental materials, it is found that on the one hand, 1T-TiSe,
nanosheets have a higher modulation depth, on the other hand, the repetition
frequency, pulse duration, pulse energy and output power of the laser are highly
competitive. This reveals that the 1T-TiSe, nanosheets used in this work not only
have merits of low cost and simple preparation process, but also give the system

characteristics of superb stability and high integration.
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Table 1. Comparison of passively Q-switched EDFL performance based on different 2D

materials.
Materials Modulation Repetition P-ulse Pulse Energy  Output Refs
Depth (%) Rate (KHz) durations (ps) (n]) Power (mW)
Graphene 45 3.3-65.9 3.7 16.7 1.1 [11]
BP 19.5 4.43 - 18 9.35 28.3 / [24]
GNS 7.8 42.7 - 64.9 1.7 133 7.7 [25]
MoS, 2.15 7.758 - 41.452 9.92 184.7 38.7 [26]
Bi,Se; 4.3 459 - 940 1.9 23.7 22.35 [4]
ZrS, 14.7 40.65 - 87.1 1.49 33.5 2.89 [23]
SnS, 3.15 172.3 - 233 0.51 / 9.33 [27]
MoSe, / 16.9 - 32.8 30.4 57.9 1.9 [28]
MoWSe, 22 26 - 48 1.9 11.8 1.1 [29]
ZnO 3.5 41.7-77.2 3.0 47.9 / [30]
WSe, 31.25 77 - 242 1.2 110 26.7 [31]
Fe;0, 8.2 7.8-33.3 3.2 23.76 0.794 [32]
AlLO, 35 57.8 - 81 2.8 56.7 4.5 [33]
TiSe, 15.7 24.5-73.79 1.31 79.28 5.85 Our Work

5. Conclusion

TiSe, nanosheets were prepared by means of ultrasound-assisted LPE and the
nonlinear saturable absorption properties were experimentally investigated. The
modulation depth, saturation intensity and nonsaturable absorbance of the pre-
pared 1T-TiSe, SA were 15.7%, 1.28 MW/cm? and 8.2%, respectively. Taking
advantage of the saturable absorption properties of TiSe,-based SA, a passively
Q-switched EDF laser was systematically demonstrated. The pulse repetition
rates varied from 24.50 kHz up to 73.79 kHz with the increasing pump power.
The obtained shortest pulse width was 1.31 ps with pulse energy of 79.28 n]J.
Comparatively, the work is characterized by merits of simple as well as low-cost
SA preparation process, compactness, superb stability and high competition. On
the other hand, the system is free of air-space, which means a total-fiber system
with advantages of integrated structure and convenient maintenance in practical

applications.
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