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1. Experimental Section

Materials preparation and characterization. 

Multilayer TiSe2 were prepared by liquid phase exfoliation. In briefly, bulk 1T-TiSe2 power (purchased 

from Aladdin Reagent Inc.) was treated by ultrasonic vibration in N-Methyl-2-pyrrolidone (NMP) for 

about 30 min.1 The dispersion was centrifuged at 5000 rpm, and then TiSe2 were obtained from the top 

of the transparent solution. In order to characterize TiSe2, the sample was prepared by spin-coating the 

TiSe2 solution onto a 0.5 mm thick high-purity fused silica at 500 rpm for 10 min.2 After that, the 

sample was dried for 24 h in a vacuum oven. In order to accelerate the volatilization of NMP, 

appropriate amount of ethanol was added into the solution. The optical absorption spectra were 

recorded using a spectrophotometer (Elmer Lambda-900 UV/Vis/NIR, Waltham, MA) versus an 

uncoated quartz substrate as reference. Raman characterization was measured using a confocal 

microscopy system (RenishaiwnVia, Gloucestershire, UK) excited by a 532 nm laser. X-ray 

photoemission spectroscopy (XPS, K-Alpha, Thermo Science, UK) was employed to characterize the 

binding energies of the Se and Ti. X-ray diffraction (XRD) pattern was carried out by a Bruker 

diffractometer utilizing Cu Kα radiation (λ=1.5418 Å). Atomic force microscopy (AFM, Nanoscope 

IIIa, Veeco) was used to record the thickness of TiSe2.

2. Caculation of the nonlinear optical parameter.

Briefly, the nonlinear optical (NLO) theory was used to fit the open-aperture (OA) Z-scan datum by 

according the following formula:3-6
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Here  is the laser beam irradiance within the sample;  is the propagation distance in the sample;  'zI 'z

α0 and β present the linear absorption coefficient of the sample and the nonlinear storable absorption 

coefficient, respectively. Hence, open-aperture Z-scan data can be fitted by the following equation: 
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where q0(z)=βI0Leff/(1+z2/zR
2), I0 presents the on-axis intensity at the beam waist, Leff presents the 

effective length, and zR presents the Rayleigh length of the incident femtosecond laser beam. The 



effective length can be described by the following relathionship:
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where, L is the thickness of the samples.

The imaginary part of the third-order nonlinear susceptibility can be obtained following:
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Here, c, λ, and n are, respectively, the speed of light in the vacuum, the wavelength of incident light, 

and the refractive index. 

Then, from the division of the closed-aperture Z-scan by the corresponding OA result, can be well 

fitted by the following formula:
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Here, the on-axis nonlinear phase shift at the focus is )( quartzquartz2eff2 LnLnkI0  , here, n2 

describes nonlinear refractive index of materials and n2-quartz describes nonlinear refractive index of 

fused quartz substrate, which is about 2.0×10-7 cm2 GW-1; Lquartz is the thick of fused silica; k is the 

wavelength number; x=z/zR presents the dimensionless relative position from the waist; n2 presents 

nonlinear refractive index. Therefore we obtained the real part of the third-order nonlinear 

susceptibility from the following relation:
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The figure of merit (FOM) is calculated as:
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3. 2.0 μm fiber laser setup.

The constructed Q-switched Tm-doped fiber (TDF) laser cavity are based on TiSe2 saturable absorber. 

A commercial 793 nm laser diode (BWT, Beijing) with a multimode fiber pigtail (core diameter: 105 



μm; circular core diameter: 10 μm; numerical aperture: 0.22) was used as the pump source to stimulate 

the gain fiber. A coupler (50:50, IFT, Canada) was employed to output half of the signal laser. In order 

to maintain the intra-cavity laser propagate unidirectionally, a PI-ISO was constructed in the laser 

cavity. The TiSe2/poly(vinyl alcohol) (PVA) film was constructed between two FC/PC connectors as 

the saturable absorber. A PC was employed to control the intra-cavity loss. An InGaAs photodetector 

(EOT ET-5000F, USA) equipped with an 8 GHz digital oscilloscope was used to monitor the temporal 

pulse train and single pulse waveforms. The radio frequency (RF) spectrum was recorded by a RF 

spectrum analyzer (YIAI, China, AV4033A, 30Hz-18GHz). The optical spectrum was investigated 

using an optical spectrum analyzer (Yokogawa AQ6375, Japan) with a resolution of 0.05 nm. The 

output power was recorded using a thermal power sensor (S470C, Thorlabs, USA).     

4. Results and Discussion. 

Traditional optical pump-probe studies of TMDCs are generally focused on the investigation of 

resonant or near-resonant 1s-interband excitonic nonlinearities through adjusting the probe wavelength 

close to the exciton line.7-9 Due to the band gap of TMDCs, both visible and near-infrared (NIR) pulses 

are usually employed as optical pump,10-13 as schematically illustrated in Figure S1. In order to match 

the different response of photo-induced carriers, probe photon energies from the NIR to mid-infrared 

(MIR) region are typically utilized to investigate various kinds of bound and unbound carriers.14-18 In 

contrast to NIR spectrum, MIR spectrum probe is sensitive to free carriers and weakly bound carriers 

due to the low probe energy.7, 9, 15 In particular, if close to the excitonic resonances or intra-excitonic 

resonances, MIR spectrum probe is also utilized to investigate the strongly bound carriers. Further 

consideration of TiSe2 with a very small gap (˂150 meV), it is difficult to implement excitonic 

resonance probe measurements by a long-wavelength probe (˃10 μm) due to technical restriction. 

Comparing all results obtained from pump-probe methods under the pump of visible or NIR, photo-

induced carrier dynamics in TMDCs or Cd3As2 are clearly described,19, 20 revealing thermal scatter 

effect (e.g., electron-electron coupling and electron-phonon coupling) in detail. Therefore, NIR is 

utilized to be as pump-probe source to measure the changes in the TiSe2, as depicted in Figure S1. 



Fig.S1. Schematic diagram of multiple ultrafast pump-probe process. The relaxation pathways for the photo-induced carriers 

with optional excitation of visible (Vis), near-infrared (NIR) and mid-infrared (MIR). Solid line presents pump pulses and dashed 

line denotes possible transition by probe pulses.

Fig. S2. The linear transmittance of TiSe2.

Fig. S3. The slow time component as a function of pump fluence. 



Fig. S4. Transmittance as a function of pulse peak intensity. The red line is fitting curve by by T(I)=1-ΔT×exp(-I/Isat)-Tns, 

in which , I, T, Isat, and Tns are the input intensity, modulation depth, saturable intensity and nonsaturable absorbance, respectively.

Table S1 NLO parameters of several typical materials
Laser Sample β (cm GW-1) n2 (cm2 GW-1)

MoS2  
21 -(9.17±2.56)×10-2 N/A

MoSe2 
21 -(1.29±0.13)×10-2 N/A

MoTe2 
21 -(7.50±0.47)×10-3 N/A

1030 nm, 1kHz, 340 fs

Graphene 21 -(9.40±3.18)×10-2 N/A

1550 nm, 35fs Black Phosphor-

us 22

-0.15×10-3 N/A

1240 nm, 150 fs, 1kHz ITO film 23 -7000~-8000 0.11 

1420 nm, ITO fiml/Gold 24 2×104 3.73

1500 nm, 35 fs, 1kHz ITO NCs 25 -51.4 N/A

1300 nm AZO films 26 N/A 0.17

1550 nm, 150 fs SWNTs 27 N/A 10-10

800 nm, 220 fs Au nanorodes 28 -1.5 -1.2×10-12

1550 nm 120 fs TiSe2 [a] -0.17 0.088

2000 nm 120 fs TiSe2 [a] -0.10 0.091
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