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Ultrafast saturable absorption in TiS2 induced by
non-equilibrium electrons and the generation of a
femtosecond mode-locked laser†
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Non-equilibrium electrons induced by ultrafast laser excitation in a correlated electron material can

disturb the Fermi energy as well as optical nonlinearity. Here, non-equilibrium electrons translate a semi-

conductor TiS2 material into a plasma to generate broad band nonlinear optical saturable absorption with

a sub-picosecond recovery time of ∼768 fs (corresponding to modulation frequencies over 1.3 THz) and

a modulation response up to ∼145%. Based on this optical nonlinear modulator, a stable femtosecond

mode-locked pulse with a pulse duration of ∼402 fs and a pulse train with a period of ∼175.5 ns is

observed in the all-optical system. The findings indicate that non-equilibrium electrons can promote a

TiS2-based saturable absorber to be an ultrafast switch for a femtosecond pulse output.

Introduction

Nonlinear optical (NLO) effects give rise to lots of modern
photonic functionalities, including frequency mixing pro-
cesses, Kerr effects, the generation of ultrashort pulses, all-
optical signal processing and saturable absorption (SA).1–5

Optical nonlinearities are inherently weak because they
describe the interaction of light with matter that accompanies
the nonlinear response of materials to an applied electromag-
netic field with respect to the amplitude regime.3 There is an
increased consensus that the discovery of nonlinear optical
materials which show a strong interaction between light and
matter can be very significant in both fundamental science
and for industrial applications.

In materials showing saturable absorption, optical trans-
mittance increases after intense laser irradiation. One

approach for the application of these materials is to serve as a
saturable absorber to generate high-peak-power and/or ultra-
short fiber laser pulses via passive Q-switching and/or mode-
locking, particularly in the infrared (NIR) and mid-infrared
region.6,7 At present, because of the outstanding performance
and ultrafast carrier dynamics, graphene8,9 and its analogues,
for example transition metal dichalcogenides (TMDCs),10,11

topological insulators (TI),12 and black phosphorous (BP)13

provide new interest for mode-locked lasers in fiber-based
systems. However, they have the drawbacks of a low absorption
coefficient (for graphene),8 a response region near 1.5–2.0 eV
(for TMDCs including MoS2, WS2, MoSe2, and WSe2),

10,11 insu-
lated bulk states (for TI), as well as being easily oxidized under
ambient conditions (for BP).13 In order to obtain a high on/off
ratio and the mobility for optoelectronic application, these
materials are usually limited to few-layer regimes (<10
layers),8–11,14–20 which misleads the focus of NLO studies to
monolayer or few-layer materials, ignoring the inherent weak-
ness in optical nonlinearities. According to the report by Xiong
et al., the interaction between light and matter is the strongest
under a thickness of ∼70 nm.21,22 Recently, Yu et al. reported a
modulation depth of 27% and passively Q-switched laser gene-
ration using a broadband 30 MoS2 layer saturable absorber.23

More importantly, Yong Min Jhon et al. reported femtosecond
laser mode-locking using ‘bulk-structured’ WTe2 with 100–200
layers (corresponding to 80–150 nm) to increase the coupling
of light and WTe2.

14 The introduction of these ‘bulk’ materials
may be used as an approach to increase the coupling between
light and matter. Up to now, the interaction between non-equi-
librium electrons and an electromagnetic field of light to
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enhance the NLO response has only been investigated in plas-
monic nanocrystals (noble metals such as gold, silver, and
copper; heavily doped colloidal plasmonic nanocrystals such
as Cu2−xS, Cu2−xSe, and Cu2−xTe)

24–26 and transparent con-
ducting oxides (ITO films/nanorod arrays and Al-doped
ZnO).27,28 However, despite similar investigations (absorption
response near the band edge) in monolayer semiconductors,29

the NLO response induced by non-equilibrium electrons is still
seldom reported for layered structure semiconductors, because
of their low carrier density (only induced by photo-excitation
processes) caused by their low optical absorption which is
about 15% for a single layer.23,30

Among graphene analogues, titanium disulphide
(TiS2),

31–36 stacked by weak van der Waals (vdW) forces
between monolayers, is known to be a suitable thermoelectric
material, which has been intensively investigated in the field
of condensed matter physics. Unlike graphene, TiS2 has a
giant tunable band gap from ∼0.3 eV for bulk structure to
∼2.87 eV for a 1–3 layer structure.34,36 One interesting charac-
teristic of this semiconductor is its in-plane semi-metallic be-
havior due to its high density of free carriers (1020–1021

cm−3);37,38 that is, TiS2 can easily translate into a plasmon
under an external optical field just like metal nanocrystals. In
recent years, the transient non-equilibrium states of electrons
and holes can be obtained after impulsive excitation of an
ultrashort pulse laser in the corresponding electron
materials,29,39 through dramatically increasing the density of
carriers. Hence, we infer that, under the intense irradiation of
a femtosecond pulse, surface induced non-equilibrium elec-
trons can result in a strong local field which couples with the
incident light, subsequently enhancing the nonlinear process
as well as producing an ultrafast response, just like that in
metal nanocrystals.

To address this challenge, here we used multilayer TiS2 to
study non-equilibrium electron-related optical nonlinearity.
Because of the efficient light–matter interaction as well as
surface induced non-equilibrium electrons, the transient non-
linear response of a TiS2 switch is developed, accompanied by
a modulation response up to ∼145% and a short recovery time
of ∼768 fs (corresponding to a modulation speed of over 1.3
THz in the intraband transitions of the excited free carriers).
As a proof-of-concept demonstration, an all-optical modulation
operating near the optical communication band is deployed
based on the TiS2 optical modulator, causing the compression
of the continuous laser waves into ultrafast femtosecond laser
pulses.

Results and discussion

The samples of TiS2 used in this work were obtained by liquid
phase exfoliation. Unlike other NLO materials, multilayer TiS2
in solvent can be readily separated into individual layers due
to photoinduced separation after pulsed irradiation.40 Here,
TiS2 flakes distributed on a quartz substrate for NLO measure-
ment, can not only avoid the confusing effect on nonlinear

signals, but also imitate the end of a fiber. Fabrication details
can be found in the ESI.† As shown by the X-ray diffraction
(XRD) results in Fig. 1(a), nearly all of the diffraction peaks,
except a broad hump, are congruent with hexagonal TiS2
according to JPCDS card no. 15-0853.40 The broad hump range
from 10–20° corresponds to quartz glass, while the other main
diffraction peaks at 2θ = 34.23, 44.19, 53.83, 56.50, 65.31, and
65.48° can be clearly shown to correspond to (101), (102),
(110), (111), (201), and (004), respectively. Characterization by
Raman spectroscopy exhibits two main peaks located at
∼228.7 cm−1 and ∼335.8 cm−1, which correspond to Eg (polar-
ization of in-plane vibrations of S normal to the c-axis) and A1g
(polarization of the vibration of S ions along the c-axis)
modes,37,41,42 respectively. Due to strong covalent bonds
between the intralayer atoms and weak vdW forces between
the layers, the A1g mode is prominent while the Eg mode pre-
sents at a much lower intensity, as shown in Fig. 1(b). Atomic
force microscopy (AFM) images and height profiles of the pre-
pared TiS2 samples are representatively shown in Fig. 1(c). The
image and the height spectrum indicate that the thickness of
TiS2 is about 55.3 nm, corresponding to ∼79 layers of TiS2. To
determine the linear optical response, the absorption spec-
trum of TiS2 on a quartz substrate was measured, as shown in
Fig. 1(d). The empty quartz substrate serves as a reference.
Clearly, a wide frequency range of light (300–2500 nm) can be
absorbed by TiS2. There is a distinguishable peak around
∼635 nm, which corresponds to a transition from the ‘p’
valence band to the lowest-lying ‘dz2’ conduction band.43 X-ray
photoelectron spectroscopy (XPS) was also employed to detect
the chemical states of surface TiS2. A detailed view of the XPS
pattern in Fig. 1(e) shows that the photoelectron spectrum of
Ti 2p contains a spin–orbit of Ti 2p3/2 and 2p1/2 centered at
∼456.1 eV and ∼462.2 eV,36 while the S 2p spectrum is at
∼160.8 eV (2p3/2) and ∼162.1 eV (2p1/2),44 respectively. Note
that there is no other peak or small hump between Ti 2p3/2

and 2p1/2, indicating the nonexistence of a TiOx matrix and the
stability of TiS2.

45 This is in good agreement with previous
reported results.

Optical nonlinearity is indispensable for ultrafast laser
generation. We characterized the NLO properties of the TiS2
through a well-developed open-aperture Z-scan technique with
a femtosecond laser as an excitation source. To identify the
measured data more precisely, CS2 was used as a calibration.
More details can be found in the ESI† and in previous
work.10,11,46 Typical NLO behaviors are observed at 800 nm
and 1550 nm, as depicted in Fig. 2(a) and (b), respectively,
clearly exhibiting SA characteristics; that is, the TiS2 switch
gives an increased transmission as the sample moves from
non-focus to on-focus (z → 0). In addition, the normalized
transmissions under different excitation pulse energies have
also been exhibited, showing enhanced SA as the focus intensi-
ties range from ∼28.57 to ∼171.4 GW cm−2 at 800 nm and
from ∼0.9885 to ∼772.2 GW cm−2 at 1550 nm. Notably, there
is an absence of any obvious response for the blank quartz
slide under the same or even higher excitation intensities,
which suggests the significant SA response arises from the
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nonlinear modulation effect of TiS2. This indicates that a low
intensity light is effectively suppressed but the absorption
decreases while increasing the light intensity. That is to say,
the TiS2 can serve as an ultrafast nonlinear saturable absorber,
a passive mode-locking modulator for ultrashort pulsed laser
generation in the NIR region. The nonlinear absorption coeffi-
cient β is estimated to be −62.6/−39.0 cm GW−1 at 800/
1550 nm (detailed discussion in the ESI†),10,11 which are
orders of magnitude larger than other mono- or few-layer gra-
phene,47 BPs,48 and TMDCs such as MoS2, MoSe2, MoTe2 (see
Table S1 for a comparison in the ESI†).10,17,47 In addition,

figures of merit, the NLO refractive index, and third-order NLO
susceptibility are also calculated in the ESI.†

In order to unravel the transient dynamic response of the
NLO properties in TiS2, we employed a pump–probe technique
to examine the optical response of excited electrons under
femtosecond pulse excitation,49 as shown in Fig. 3(a). Detailed
measurement can be found in the ESI.† By increasing the
pump power from ∼9.89 to ∼303.0 μJ cm−2, all of the measure-
ments show a typical optical-induced transparency. The
response amplitude increases notably with an increase in the
pump power, and can reach up to as large as ∼145% at

Fig. 2 Open-aperture Z-scans of TiS2 under different excitation wavelengths: (a) 800 nm, and (b) 1550 nm. Normalized transmission vs. input
power density at different wavelengths: (c) 800 nm, and (d) 1550 nm.

Fig. 1 Characteristics of TiS2. (a) XRD pattern, clearly showing that all the diffraction peaks are in agreement with JCPDS card no. 15-0853. (b)
Raman spectrum excited by a 532 nm laser. (c) AFM height showing the thickness of the as-prepared TiS2 crystal is about 55.3 nm and the inset is an
AFM image. (d) Optical absorption of TiS2 on the quartz substrate. XPS spectra of TiS2, where the (e) Ti and (f ) S binding energies are identified.
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∼303.0 μJ cm−2, as shown in Fig. 3(b), indicating a superior
optical nonlinearity. For multilayer TMDCs, the response
decay can be well fitted by a two-temperature model: y =
A1e

−x/τ1 + A2e
−x/τ2 + y0,

50,51 with a fast component and a slow
component, corresponding to carrier–carrier (electron–electron)
scattering and carrier–phonon (electron–phonon) scattering,
respectively. The recovery time (fast component) as a function
of pump fluence is presented in Fig. 3(b). Interestingly, a
fluctuation of the recovery time with increasing pump
fluence is observed, which may be attributed to a small
increase in the electron–phonon coupling time under higher
pumping fluence.52 The fast component is extracted as ∼768
± 12 fs at ∼303.0 μJ cm−2, meaning a modulation speed over
1.3 THz, which is slower than graphene (∼200 fs)9 and is
comparable to gold nanoparticles (15 nm gold nano-
particles),25 ITO films/nanorod arrays,27 and Al-doped
ZnO,28 but faster than monolayer/few-layer MoS2.

50 In the
past decade, lots of investigations on TMDCs such as
MoS2,

50 WS2,
53 MoSe2,

54 and WSe2
51 have revealed that the

fast component is on the time scale of picoseconds at room
temperature, or even at the lower temperature of liquid
nitrogen, indicating a distinct nonlinear progress in the TiS2
switch because of its sub-picoseconds recovery time. Hence,
a detailed discussion about the NLO effect in TiS2 must be
implemented.

Fig. 4(a) shows the usual behavior of photo-excited elec-
trons from the valence band to the conduction band in the
semiconductor. Excited by the incident light, electrons from
the valence band jump into the conduction band, and almost
immediately fill the empty states near the edge of the conduc-
tion band, which can block the original interband optical tran-
sitions, leading to saturable absorption.2,10 However, the
optical excitation in TiS2 becomes complex after femtosecond
laser irradiation due to its inherent in-plane semi-metallic pro-
perties and thermoelectric nature. As shown in Fig. 4(b–d),
several processes of electron–electron scattering are possible.
Recently, impact ionization has been proven to be a very
important process in graphene,39 and it describes a transition
of a second electron across the energy gap caused by an energy
transition from a hot electron, leading to an increase in the
number of free electrons. The intraband scattering does not

directly increase the density of electrons; however, it can
stimulate the electrons with low energy to jump to higher
energy states, leading to the increase of hot electrons. In
addition, more electrons in the valence band can be pumped
into the conduction band due to a decrease of electrons with
low energy in the conduction.39 Since there are abundant free
photons in the conduction band after strong irradiation using
a femtosecond pulse, electrons in the conduction band can
also transfer to higher states through free carrier absorption
(FCA).29 It is difficult to increase the density of electrons (to
induce plasma regime) through only the photon-excitation
transition described in Fig. 4(a), because of the low electron
saturable threshold which can be easily reached under the

Fig. 3 Ultrafast transient optical response of TiS2. (a) Transient bleaching dynamics under different pump fluence. (b) Pump fluence-dependent
optical response amplitude and recovery time. (c) Transient bleaching dynamics with the probe wavelength of 3.0 μm, 4.0 μm, and 5.0 μm.

Fig. 4 (a) Photo-excitation induced electron transition from the
valence band to the conduction band. The dotted line is the Fermi level.
(b–d) Possible electron–electron scattering: intraband scattering (b),
interband impact ionization scattering (c) and Auger recombination (d).
Impact ionization plays a dominant role in increasing the number of car-
riers. The intraband scattering, Auger recombination, and electron–
phonon scattering cannot cause an increase of carriers. The solid green
circle presents hot electrons with high energy, while the blue one pre-
sents electrons.
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excitation of a femtosecond pulse to present typical SA
response.10,14–16,29 To date, the highest electron density (10−13

cm−2) in TMDCs is only observed for monolayer WS2 under
femtosecond pulse irradiation, leading to a Mott transition
from an insulating semiconductor regime to an electron–hole
plasma regime. Interestingly, the electron–electron scattering
time (the recovery time) is estimated to be ∼400 fs in the
plasma regime of monolayer WS2 after a Mott transition,29

which is faster than the dynamic process (several picoseconds)
without undergoing a Mott transition (non-plasma regime);
that is, the plasma regime enhances the light–matter inter-
actions compared to the semiconductor regime.3 For semi-
metallic materials, the density of electrons can easily increase
through the synergistic processes of impact ionization
and intraband scattering to enhance light–matter
coupling. S. Mathias et al. reported a strong increase in the
number of carriers from impact ionization on the timescale of
∼200 fs in an 80 nm thin single-crystal of TiSe2 under a NIR
pump using femtosecond time-domain spectroscopy.39 Based
on the TiSe2 experiment (similar electron materials with TiS2),
we can reasonably assume a non-equilibrium distribution of
electrons from electron–electron scattering events in the initial
stage after a femtosecond pumping. This non-equilibrium dis-
tribution will take hundreds of femtoseconds (∼768 fs) to be
thermalized into a hot electron, in which intraband scattering
and impact ionization play a dominant role, like TiSe2 and gra-
phene.39 The dramatic increase in the number of carriers
transforms the dull TiS2 into a plasma with a high density of
surface electrons (electron wave functions) after impulsive femto-
second excitation. These dense electrons induce a surface
longitudinal field (a local electromagnetic field) to arise from
vertical bonds between neighboring planes.35 The plasmonic
excitations can finally boost high-order nonlinear progress in
TiS2 (see section 1 in the ESI†), leading to an ultrafast response
(∼768 fs) and a large modulation amplitude (∼145%), as
shown in Fig. 3, differing from other semiconductors (MoS2,
MoSe2, etc.).50,54 Here, the non-equilibrium distribution of
electrons can disturb the band edge (Femi energy)29 and
further perturb the photo-excitation process (Fig. 4a).
Nonetheless, the surface plasmonic states are still formed
under strong photoexcitation, because of the dominance of
impact ionization and its inherent in-plane semi-metallic pro-
perties, as well as the thermoelectric nature of TiS2. For plas-
monic nanocrystals, such as Au nanoparticles, Wang et al.
reported a transition from saturable to reverse-saturable
absorption when the irradiation intensity increased to ∼5 GW
cm−2,26 which is in accordance with other work. But for a TiS2
absorber, benefitting from the bistability of a semiconductor
and a semi-metal, SA behavior is still shown even at a high
irradiation intensity (∼772.2 GW cm−2), differing from plasmo-
nic nanocrystals. Also, according to the report on black phos-
phorus dispersions in NMP by Huang et al.,55 a transition
from a SA response at low excitation fluence to an optical limit-
ing response at high excitation was recorded, which is induced
by microbubbles by thermal effects to scatter most of the ultra-
fast laser. In this work, TiS2 is dispersed on a quartz slide to

imitate optical fiber facing, effectively avoiding the influence
on the NLO response from other negative factors and so that
TiS2 can still exhibit a SA response under high power density.
Therefore, the ultrafast nonlinear process depends not only on
the band structure, but also on the non-equilibrium distri-
bution of electrons. In order to verify this point of view, the
pump–probe under a long wavelength (from 3.0 μm to 5.0 μm
to make sure the SA signal was reversed) was then measured,56

as shown in Fig. 3(c). The typical reverse saturable absorption
behaviors as well as the ultrafast dynamics also indicate the
synergy between the band structure and the non-equilibrium
electrons. More discussion can be found in the ESI.† The
diversities of the semiconductor and semi-metal in TiS2 lay the
foundation for the potential application of ultrashort pulse
generation.

The ultrafast transient bleach dynamic response and
strong nonlinear optical modulation in TiS2 prompt us to
further explore their capability towards all-optical modulat-
ing applications for nonlinear pulse reshaping. Here, in the
proof-of-concept demonstration, the fiber modulator is inte-
grated with a fiber structure to operate as a femtosecond
mode-locked Er-doped fiber laser near the optical communi-
cation band, as shown in Fig. 5(a), switching continuous
laser waves into laser pulses (more details can be found in
the ESI†). As a reference, the laser cavity was tested without
constructing TiS2 samples, and only continuous waves can
be observed. In our experiment, the laser oscillation started
initially for a continuous wave lasing at a low pump
threshold of ∼16 mW. The pump power was increased to
∼21.5 mW to optimize the mode locking operation. Once a
stable output was recorded, no further polarization control-
ler (PC) for adjusting the polarization state of light was used.
Fig. 5(b) shows a typical mode-locking output spectrum cen-
tered at ∼1544.5 nm, with a soliton-like pulse generated
from intracavity periodical perturbations.9 Shown in
Fig. 5(c), the laser delivered the oscilloscope trace of the
output pulse-train with a period of ∼175.5 ns, corresponding
to a repetition rate of ∼5.70 MHz, as expected from the cavity
round-trip time. Importantly, a stable femtosecond pulse
with signal-to-noise of ∼70 dB (see Fig. S6 in the ESI†) and
temporal width of ∼618 fs (assuming a Sech2 pulse shape,
pulse duration is 402 fs) can be extracted from the auto-cor-
relation trace in Fig. 5(d). The performance of the TiS2 mode-
locked laser near the telecommunication range of ∼1550 nm,
is comparable to that which has previously been achieved
with MoS2,

10 graphene8, and SWNTs,6 which is triggered by
the interaction of dispersion management of the waveguide
and nonlinearity of TiS2 as well as the enhanced light–matter
interaction. However, a wideband operation can be achieved
with as-prepared TiS2, with an enhanced photon-induced
interaction compared to graphene or few-layer MoS2;

8,30 with
no need for special procedures of diameter or chirality as
with SWNTs.6 Furthermore, the femtosecond temporal width
could bring new opportunities for medical imaging, micro-
machining, precision measuring, as well as telecommunica-
tions, etc.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2018 Nanoscale

Pu
bl

is
he

d 
on

 3
0 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

14
/0

5/
20

18
 1

5:
26

:5
5.

 
View Article Online

http://dx.doi.org/10.1039/c8nr01573b


Conclusion

In summary, multilayer TiS2 is prepared through facile liquid
phase exfoliation and can be used as an effective optical
modulator for ultrafast optical laser generation near the
optical communication band due to non-equilibrium electron
induced ultrafast nonlinear optical response. Broadband
nonlinear saturable absorption is recorded in the NIR region
with a larger modulation response up to ∼145% and an ultra-
fast recovery time of ∼768 fs (corresponding to the modu-
lation speed of over 1.3 THz). Furthermore, a stable femto-
second mode-locking spectrum with soliton pulses is observed
with a duration of ∼402 fs using a TiS2-based modulator, and
a pulse train duration of ∼175.5 ns. This successful modu-
lation provides a valuable strategy and opens new avenues
toward advanced photonic devices based on TiS2 nonlinear
material.

Methods

Sample preparation, characterization, Z-scan measurements,
pump–probe measurement and ultrafast pulse generation can
be found in the ESI.†
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