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Abstract: In this study, titanium disulfide (TiS2) polyvinyl alcohol (PVA) film-type saturable absorber (SA) is synthesized with a 
modulation depth of 5.08% and a saturable intensity of 10.62 MW/cm2 by liquid-phase exfoliation and spin-coating methods. 
Since TiS2-based SA has a strong nonlinear saturable absorption property, two types of optical soliton were observed in a 
mode-locked Er-doped fiber laser. When the pump power was raised to 67.3 mW, a conventional mode-locked pulse train with a 
repetition rate of 1.716 MHz and a pulse width of 6.57 ps was generated, and the output spectrum centered at 1556.98 nm and 
0.466 nm spectral width with obvious Kelly sidebands was obtained. Another type of mode-locked pulse train with the maximum 
output power of 3.92 mW and pulse energy of 2.28 nJ at the pump power of 517.2 mW was achieved when the polarization con-
trollers were adjusted. Since TiS2-based SA has excellent nonlinear saturable absorption characteristics, broad applications in 
ultrafast photonic are expected. 
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1  Introduction 
 

Over the past decade, ultrafast fiber lasers have 
attracted great attention due to their low price, com-
pact structure, and high environmental stability, 

which have made them widely applied in biomedicine, 
spectroscopy, imaging, material processing, and other 
fields (Keller, 2003; Shah et al., 2006; Oktem et al., 
2010; Sheng et al., 2013; Cai et al., 2018; Guo LG  
et al., 2019). In 1985, ultrashort pulse chirped ampli-
fication technology played a significant role in re-
moving a huge hurdle in further increasing the laser 
intensity under mode-locked technology. This in turn 
helped ultrafast lasers enter a new era of development 
and application. Passive mode-locked and Q- 
switched techniques are commonly used and effective 
methods for generating ultrashort pulsed lasers. Most 
of fiber lasers use the passive mode-locked technique 
to achieve ultrashort pulse operation, adopted by a 
nonlinear optical modulator, named the saturable 
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absorber (SA), which converts continuous wave 
output into a series of optical pulses. It was 
acknowledged that graphene plays a key role in 
exploring new two-dimensional (2D) SAs. In addi-
tion, possessing ultrafast carrier dynamics and high 
third-order nonlinear susceptibility has made gra-
phene widely used in photonic devices including 
SAs, optical modulators, and optical switches (Bao 
et al., 2009; Hendry et al., 2010). Afterwards, sev-
eral other types of graphene-like 2D materials such 
as black phosphorous, topological insulators (TIs), 
MXene, and transition metal dichalcogenides 
(TMDs) were used as SAs (Zhang HN and Liu, 2016; 
Guo B, 2018; Jiang et al., 2018; Ming et al., 2018; 
Niu et al., 2018; Guo B et al., 2019; Guo SY et al., 
2019; Hu et al., 2019; Liu JS et al., 2019; Song et al., 
2019; Xu NN et al., 2019, 2020; Xu YJ et al., 2019; 
Zhao et al., 2019; Li L et al., 2020a, 2020b; Liu WJ 
et al., 2020a, 2020b; Zhang HN et al., 2020). The 
discovery of new SA materials with ultrafast recov-
ery, high damage threshold, and wide absorption 
band has always been in a desired condition. 

In recent years, monolayer and multilayer TMDs 
such as molybdenum disulfide (MoS2), molybdenum 
diselenide (MoSe2), tungsten disulfide (WS2), tung-
sten diselenide (WSe2), and tin disulfide (SnS2) have 
been extensively studied and employed as SAs. 
TMDs are known as 2D materials because of their 
excellent photoelectronic applications. TMDs’ prop-
erties such as remarkably large third-order nonlinear 
susceptibility (Niu et al., 2017), abundance of transi-
tion metal d electrons (Friend and Yoffe, 1987; Butler 
et al., 2013; Xu XD et al., 2014; Yan et al., 2017), 
layer structure, and semi-conductive capabilities with 
thickness-dependent band gap could support broad-
band saturable absorption (Mak et al., 2010; Ciar-
rocchi et al., 2018). TiS2 is a typical TMD material 
with multilayer structure, made up of a Ti layer 
sandwiched between two S layers in an octahedral 
configuration (Fang et al., 1997), and has the potential 
for exfoliation from the bulk to ultrathin multilayers 
due to the weak van der Walls force between layers 
(Park et al., 2008; Zeng et al., 2011, 2012). It has been 
successfully adopted in many applications, such as 
photoelectrochemical hydrogen generation (Dolui 
and Sanvito, 2016), battery electrodes (Zhang XQ et 
al., 2018), and photodetectors (Zhu ZF et al., 2016). 
An apparent overlap of the valence and conduction 

bands proves that TiS2 has a vast tunable band gap 
from about 0.05 eV for bulk structure to about  
2.87 eV for 1–3 layer structures (Li TY et al., 2014; 
Dolui and Sanvito, 2016; Varma et al., 2017; Ge et al., 
2018), which in turn facilitates converting a wide 
spectral region range from visible to infrared (Ge  
et al., 2018; Zhu X et al., 2018). Other 2D materials, 
such as SnS, SnSe, and Se in IV–VI group and  
VI element, have proved to generate laser pulse as 
SAs (Xing et al., 2017; Wu et al., 2018; Xie et al., 
2019). Xing et al. (2017) discovered the saturable 
absorption of Se and generated mode-locked pulse of 
3.1 ps centered at 1555.67 nm. The modulation depth 
of the Se SA was 2.13%. An all-optical switching 
technique based on multilayer SnS was proposed 
through modulating the propagation of the signal 
beam by another controlling beam due to its large 
Kerr nonlinearity. Xie et al. (2019) reported both 
Q-switched and mode-locked operations based on 
SnS. The SAs were prepared using the liquid-phase 
exfoliation method with a modulation depth of 36.4% 
and a saturable intensity of 34.8 GW/cm2. It is of 
great significance to explore the nonlinear optical 
absorption properties of TiS2 and apply TiS2 in vari-
ous fields. 

In this study, an Er-doped fiber laser based on a 
TiS2-PVA nanosheet is reported as an SA with ob-
vious polarization-dependent saturable absorption. 
Both traditional mode-locked pulses and high pulse 
energy mode-locked pulses were obtained, and 
nonlinear optical properties of TiS2-PVA nanosheets 
were investigated experimentally. Results showed 
that the saturation intensity and modulation depth 
were about 10.62 MW/cm2 and 5.08%, respectively. 
The traditional mode-locked pulse centered at 
1556.98 nm with a 3 dB bandwidth of 0.466 nm with 
obvious Kelly sidebands. When the pump power 
increased to 67.3 mW, the pulse width was 6.57 ps 
with a fundamental repetition rate of 1.716 MHz. In 
addition, high pulse energy mode-locked pulse was 
observed when we adjusted the polarization con-
trollers. Further, stable mode-locked state was 
maintained when the pump power increased from 
77.4 mW to 517.2 mW. The maximum output power 
was 3.92 mW corresponding to the highest single 
pulse energy of 2.28 nJ. Our experimental results 
proved that TiS2 can be an excellent SA in a fiber 
laser. 
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2  Preparation, characterization, and optical 
properties of TMD:TiS2-PVA nanosheets 

 
In recent work, different composite polymers 

were employed to be combined with 2D nanomateri-
als such as polyvinyl alcohol (PVA), polystyrene (PS), 
and polyvinylpyrrolidone (PVP) (Ge et al., 2019; Guo 
J et al., 2019). In this study, PVA composite polymers 
were employed because of their advantages, such as 
low cost, simple preparation, and good stability. In 
addition, PVA composite polymers have no effect on 
the nonlinearity in the cavity. Single- or multi-layer of 
2D materials can be obtained using different methods 
(Ding et al., 2015; Hao et al., 2016; Huang et al., 2018, 
2019, 2020). Liquid-phase exfoliation technology 
was adopted to obtain TiS2 nanosheets. The TiS2-PVA 
film used in our experiment was fabricated by ho-
mogenously mixing TiS2 solution into PVA solution 
and spin coating in culture dish. First, TiS2 solution 
was prepared by adding 0.5 g of TiS2 powder into  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

50 mL of alcohol (30%). The solution was transferred 
into an ultrasonic cleaner for 8 h for producing multi- 
layer TiS2 nanosheets. We added 2 g PVA into 50 mL 
distilled (DI) water. Then, it was consistently stirred 
using a magnetic stirrer for about 12 h at a constant 
speed of 2000 r/min. Afterwards, the TiS2 solution 
was gently poured into the prepared PVA solution at a 
volume ratio of 1:1 and placed in the ultrasonic 
cleaner for 8 h for preparing uniform TiS2-PVA solu-
tion. The homogenously dispersed TiS2-PVA solution 
was then spin-coated into a clean culture dish. To 
form a semi-transparent TiS2-PVA film, the solution 
was left to dry and evaporate at room temperature for 
12 h. Finally, a piece of film with the size of about  
1 mm×1 mm was gently cut off and attached on a 
clean FC/PC fiber ferrule as a proposed modulator. 

The surface morphology of samples was char-
acterized by scanning electron microscopy (SEM) 
(Sigma 500, ZEISS). Fig. 1a shows the SEM image of 
TiS2 powder. An obvious layered structure can be  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Scanning electron microscopy (SEM) image of TiS2 powder (a), energy dispersion X-ray spectroscopy (EDS) 
spectrum of TiS2 powder (b), Raman spectrum of TiS2 powder excited by a 532-nm laser (c), and X-ray diffraction 
(XRD) analysis for TiS2 powder (d) (References to color refer to the online version of this figure) 
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observed in the diagram, which indicates that the 
nanosheets can be exfoliated through the liquid-phase 
exfoliation method. In addition, the size of nanopar-
ticles was nonuniform because it had not stripped 
from the bulk TiS2. Fig. 1b presents the corresponding 
energy dispersion X-ray spectroscopy (EDS) (XFlash 
6130, Bruker) spectrum of the TiS2 powder. The 
peaks associated with titanium and sulfide were 
clearly observed. The structure and quality of the 
experimental sample were tested by a Raman spec-
trometer (Horiba HR Evolution 800) and X-ray dif-
fraction (XRD) (D8 Advance Bruker). The Raman 
spectrum was measured at 532-nm-excitation wave-
length at room temperature (Fig. 1c). The Raman 
spectrum with two Raman shift peaks at 332.2 cm−1 
and 230 cm−1, which corresponded to A1g (polariza-
tion of vibration of S ions along the c-axis) and Eg 
(polarization of vibration of S in-plane normal to the 
c-axis) modes respectively, were observed (Sandoval 
et al., 1992; Zhang X et al., 2016; Suri et al., 2017).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As provided by XRD in Fig. 1d, main diffraction 
peaks located at 001, 011, 012, and 110, which is 
consistent with the TiS2 crystal spectrum in the 
standard spectrum library (PDF-65-3372). 

Fig. 2a demonstrates that TiS2 nanosheets were 
obtained after liquid-phase dissection. The transmis-
sion electron microscope (TEM) image of the TiS2 
nanosheets dispersion solution was detected by a 
JEM-2100 microscope with an optical resolution of 
200 nm for testing the layered structure properties of 
TiS2 dispersion. Fig. 2b shows the corresponding 
selected-area electron diffraction. The results indi-
cated that the TiS2 nanosheets prepared in our ex-
periment have a layered structure with high crystal-
linity. The thickness of the TiS2 nanosheets was 
characterized by an atomic force microscope (AFM) 
(Bruker Multimode 8). The AFM image was depicted 
in Fig. 2c. The obvious layered structure can be ob-
served combined with AFM test, which proved that 
the material was successfully dissected and that  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Transmission electron microscope (TEM) image of TiS2 nanosheets (a), selected-area electron diffraction (b), 
atomic force microscope (AFM) image of TiS2 nanosheets (c), and the corresponding measurement of height of the 
selected area in Fig. 2c (d) (References to color refer to the online version of this figure) 
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thinner TiS2 nanosheets were obtained. Fig. 2d shows 
that the corresponding heights were about 11, 12, 13, 
and 14 nm. Fig. 2c shows the AFM image of TiS2 
nanosheets corresponding to the atomic layer num-
bers of about 19–25, where the monolayer thickness 
of TiS2 was 0.57 nm (Lin et al., 2013). Therefore, 
layered TiS2 nanosheets were stripped successfully. 

The linear optical transmission spectrum of the 
TiS2-PVA film was measured by a UV/vis/NIR spec-
trophotometer (Hitachi U-4100, Tokyo, Japan) and 
displayed in Fig. 3a. The transmittance coefficient 
increased along with the wavelength from 900 to 
1800 nm. The transmission of the TiS2-PVA film at 
the wavelength of 1557 nm was about 81%. A power- 
dependent transmission technique was employed to 
measure the nonlinear absorption properties of the 
TiS2-PVA film-type SA. In our experiment, TiS2 SA 
exhibited an excellent saturable absorption property,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

as shown in Fig. 3b. Based on the well-known for-
mula explained in Gao et al. (2019), the fitting curve 
showed that the saturation intensity and modulation 
depth were 10.62 MW/cm2 and 5.08%, respectively. 

 
 

3  Experimental setup 
 
The schematic of passive mode-locked Er-dope 

fiber laser is shown in Fig. 4. A 119.7-m-long ring 
cavity design was adopted, including 31.7-cm long 
Er-doped fiber (Er-110) with an absorption of  
110 dB/m at 1530 nm. A dispersion value of about 
−46 ps/(nm·km) at 1550 nm was used as gain medium 
and 119.4-m-long single-mode fiber with dispersion 
parameter of about 17 ps/(nm·km) was added into the 
cavity. The net dispersion of the Er-doped fiber laser 
was calculated to be −2.75 ps2. The pumping signal 
was introduced by a 980 nm laser source with the 
highest pump power of 517.2 mW through a 
980/1550 nm wavelength division multiplexer. A 
polarization-independent isolator (PI-ISO), to ensure 
unidirectional propagation, and a PC were employed 
to adjust the net birefringence. A 10% output coupler 
was used to direct the output signal. Furthermore, the 
output characteristics were analyzed by a 3-GHz 
photo detector combined with a digital oscilloscope 
(Tektronix DPO 4054, USA) and another digital os-
cilloscope (Wavesurfer 3054, Teledyne LeCroy, 
USA), a radio frequency spectrum (R&S FPC1000, 
Jena, Germany), an optical spectrum analyzer 
(AQ6317B, Yokogawa, Tokyo, Japan), a power meter 
(PM100D-S122C, Thorlabs, New Jersey, USA), and 
an intensity autocorrelator (Femtochrome FR-103XL, 
USA). 

 
 
 

 
 
 
 
 
 
 
 
 
 Fig. 4  Schematic of passive mode-locked fiber laser 

Fig. 3  Linear transmission of the TiS2-PVA film (a) and 
nonlinear absorption curve of TiS2-PVA SA (b) 
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4  Results and discussion 
 

We measured the operation characteristics of the 
laser without TiS2-PVA film before carrying out the 
experiment. There was only continuous wave output 
no matter how the pump power and polarization states 
of PC were adjusted, which excludes the possibility of 
the mode-locked operation due to the nonlinear po-
larization rotation and the Fabry–Perot cavity effect. 
Fig. 5c depicts the pulse train beyond TiS2-PVA film 
was added into the cavity, as shown in Fig. 4. The 
stable traditional mode-locked pulse can be obtained 
by increasing the pump power from 67 mW to 192 
mW and rotating the PC with extra care. The output 
characteristics of the stable mode-locked operation 
under the pump power of 192 mW are depicted in  
Fig. 5. Fig. 5a shows the typical soliton-like spectrum 
shape with obvious Kelly sidebands at a resolution of 
0.02 nm. The central wavelength and 3 dB bandwidth 
were 1556.98 nm and 0.466 nm, respectively. The 
relationship between the average output power and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pump powers is shown in Fig. 5b. The output power 
and pump power showed a linear correlation. Under 
the pump power of 192 mW, the output power was 
0.87 mW, which corresponded to an optical conver-
sion efficiency of 0.45%. Fig. 5c depicts the pulse 
train beyond the mode-locked operation. The 
pulse-to-pulse time was 582.9 ns, which matched well 
the round-trip time of the cavity. The single profile of 
the pulse was characterized using an intensity auto-
correlator (Fig. 5d). The plot fitted well with a 
Gaussian shape pulse with a duration of 6.57 ps (de-
convolved). The time-bandwidth product was calcu-
lated to be about 0.379, near the theoretical limit 
value of 0.315. 

To test the stability of the TiS2-PVA based mode- 
locked laser, we measured its radio frequency (RF) 
spectrum. The fundamental peak located at the repe-
tition rate of 1.716 MHz with a signal-to-noise ratio of 
about 55 dB (Fig. 6a). The RF spectrum within a wide 
bandwidth of 100 MHz with the resolution of 3 kHz is 
shown in Fig. 6b for investigating the long-term  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Typical optical spectrum with obvious Kelly sidebands (a), the relationship between pump power and average 
output power (b), output mode-locked pulse train (c), and measured autocorrelation trace and its fitted curve (d) 
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stability of the laser. The experimental results indi-
cated that the stable soliton pulse operation was 
achieved successfully. We also measured the stability 
of the optical spectrum with the change of pump 
power and time. Fig. 6c presents the relationship 
between the optical spectrum and different pump 
power. Their central spectral peak locations were 
intact, but the spectral width was broadened with the 
increase of pump power. We continuously monitored 
the evolution of optical spectra at intervals of 30 min 
over 3 h to evaluate the long-term stability of the fiber 
laser. As sketched in Fig. 6d, the Kelly sidebands of 
the spectrum did not change with time. Their central 
wavelength, spectral bandwidth, and spectral inten-
sity were reasonably stable over the time. All the 
results exhibited that traditional mode-locked pulses 
with high stability were obtained in this study. 

Another mode-locked pulse with high pulse en-
ergy was obtained when we adjusted the PC. Fig. 7a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

demonstrates the optical spectrum of the soliton pulse 
with increasing the pump power from 77.4 mW to 
517.2 mW. Further increasing the pump power did not 
make significant change in the optical spectrum and 
waveform. There were two stable wavelengths lo-
cated near 1557 nm. Figs. 7c and 7d present the pulse 
train and the corresponding single pulse profile, re-
spectively. The time interval for pulse train was  
582.9 ns, which corresponded to the fundamental 
repetition rate of 1.716 MHz. Fig. 7b displays the 
average output power and pulse energy performance 
as a function of pump power. The threshold pump 
power of the mode-locked fiber laser was 77.4 mW. 
The average output power and pulse energy increased 
almost linearly in correspondence to the increase of 
pump power. Notably, the output power was 3.92 mW 
under the maximum pump power of 517.2 mW, which 
corresponded to an optical-to-optical conversion ef-
ficiency of 0.76%. Higher output power can provide  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Radio frequency (RF) spectrum at the fundamental frequency of 1.716 MHz (a), the higher harmonics on a span 
of 100 MHz (b), the change of the optical spectrum under different pump powers (c), and long-term stability: optical 
spectra measured at a 0.5 h interval over 3 h (d) (References to color refer to the online version of this figure) 
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more sufficient power security for other versatile 
applications such as mid-IR fiber sensor/ 
communication, medical diagnosis, and materials 
processing. The maximum single pulse energy 
achieved was as high as about 2.28 nJ, which proved 
that TiS2-PVA nanosheets have a high optical damage 
threshold. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We also measured the fundamental RF spectrum 
to investigate the stability of the laser. Fig. 8a presents 
the signal-to-noise ratio of the RF spectrum, which 
was >70 dB, implying low-amplitude fluctuation and 
good mode-locking stability. To verify the stability of 
this operation, a wideband RF spectrum up to 20 MHz 
is presented in Fig. 8b. No extra spectrum was 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  The fundamental RF spectrum of the laser output (a) and the wideband RF spectrum up to 20 MHz (b) 

Fig. 7  Change of the optical spectrum under different pump powers (a), average output power and pulse energy 
performances with the increase of pump power (b), the pulse train at the mode-locked operation (c), and the corre-
sponding single pulse profile (d) 
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observed, indicating that stable mode-locked opera-
tion was obtained. 

 
 

5  Conclusions 
 

The strong saturable absorption of TiS2-PVA SA 
was demonstrated employing the liquid-phase exfo-
liation and spin-coating methods. The results showed 
that TiS2-PVA nanosheets display an ultrafast non-
linear saturable absorption property and high optical 
damage threshold. The saturation intensity and mod-
ulation depth of TiS2-PVA nanosheets were  
10.62 MW/cm2 and 5.08%, respectively. We obtained 
both traditional mode-locked pulse and high pulse 
energy mode-locked pulse in an Er-doped fiber laser 
based on the TiS2-PVA nanosheet. The conventional 
mode-locked pulse with a pulse width of 6.57 ps 
centered at 1556.98 nm and another mode-locked 
pulse with the highest single pulse energy of 2.28 nJ 
were obtained. Experimental results revealed that 
TiS2 nanosheets are promising ultrafast nonlinear 
optical materials for applications in mid-IR mode- 
locked fiber laser. 
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