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Optically Tuned Wide-Band Terahertz Modulation,
Charge Carrier Dynamics and Photoconductivity

of Femtosecond Laser Ablated Titanium
Disulfide Nanosheet Devices

Qi Song , Lu Chai , Junqi Chen, Weining Liu, Qing Ma, Yanfeng Li , and Minglie Hu

Abstract—Based on femtosecond laser ablated processing, one-
dimensional arrays with different line spacings were fabricated
on titanium disulfide (TiS2) nanosheet. Optical modulated mea-
surements with these devices were demonstrated. Photo-induced
complex conductivity changes of the TiS2 nanosheet devices were
studied by an optical-pump THz-probe (OPTP) measurement sys-
tem. For the 700 µm line spacing device, the optically introduced
modulation depth (MD) reached up to 70%. Our experimental re-
sults have demonstrated the ultrafast dynamics and photoconduc-
tivity for the TiS2 nanosheet devices in the THz frequency range.
TiS2 nanosheet based devices would be suitable as the photoelectric
modulators of THz wave.

Index Terms—Terahertz modulator, nanomaterials, femtosec-
ond pulse, ultrafast dynamics.

I. INTRODUCTION

T ITANIUM DISULFIDE (TiS2), having an octahedral con-
figuration with a Ti layer sandwiched between two S layers,

is a typical 2D material with stability and excellent photoelectric
properties, which has been previously developed for electrodes,
photo-thermal therapy, saturable absorbers for lasers and pho-
todetectors [1], [2]. The semimetallic TiS2 can easily produce
higher carrier concentration with mobility like that in a metallic
band structure due to the apparent overlap of the valence and
conduction bands [3], [4]. Therefore, TiS2 shows great potential
as optically introduced modulators in a rather wide wavelength
range. Semiconductors have proven to be suitable for all-optical
modulation of electromagnetic waves. The photo-excited free
carriers could be produced by the incident photons with en-
ergy exceeding the band gap of the semiconductors, which is
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proportional to the flux of the incident photons [5]. Generally,
optically-introduced modulation for terahertz (THz) radiation
could be recognized as the following processes. When laser
pulses are incident on the semiconductor, a temporary region of
low transmittance to THz wave is produced. With the THz wave
and laser beam co-incident onto this area, the THz transmittance
will thus be modulated [6]. Optical modulators such as InSb,
GaAs, ErAs/GaAs based devices have been reported [7]–[9].
Phase-transition VO2 could also be used as optical modulators
[10], [11]. However, the VO2 based devices are easily damaged
by laser power exceeding 120 mW [11]. With the development
of material science, optically controlled active modulators based
on graphene and graphene liked materials (for example, the
transition metal disulfides-TMDs) such as SnS2, WS2, MoS2

and WSe2 have been reported from optical frequency to THz
region[12]–[15]. These results have demonstrated that TMDs
materials have larger absorption than graphene and therefore
more suitable for optically-controlled active THz modulators
[16], [17].

The previous studies on the optically-introduced THz mod-
ulators are based on TMDs with the band gap far above the
THz wave energy [18]–[20]. And still few reports on near zero
bandgap (near THz wave energy) TMDs fabricated devices
for optical THz modulators. The TiS2 material could absorb
electromagnetic waves in the THz band by intraband transitions,
while other TMDs such as WS2, MoS2 do not exhibit intraband
transitions [21].

In this article, TiS2 nanosheet-based devices with three line
spacings have been ablated by a femtosecond laser. Then, the op-
tical modulation by the devices were demonstrated experimen-
tally. In addition, optical-pump THz-probe (OPTP) measure-
ments were performed and photo-induced complex conductivity
changes of the TiS2 devices were demonstrated. Our results have
shown the ultrafast dynamics and photoconductivity of TiS2

nanosheet in the THz waveband and they would be suitable as
the photoelectric modulators for the THz applications.

II. FABRICATION AND CHARACTERIZATION OF

THE DISULFIDE TITANIUM GRATING

The TiS2 nanofilm could be prepared by the following steps.
Firstly, put 0.3 g of TiS2 powder with the dimensional of 100μm
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Fig. 1. Micrographs of TiS2 devices with line spacings of (a) 500 µm,
(b) 600 µm, and (c) 700 µm.

Fig. 2. (a) SEM photograph and (b) Raman spectra of TiS2 nanosheet.

was put into 20 ml of mixture solution (alcohol mixed with water
3:1). Secondly, the mixed solution was stirred by ultrasound for
250 minutes. Then, the solution was centrifuged for one minute
at the speed of 500 rpm. After that, the sub-layer liquid was
collected and tiled on substrates with a 10 μm thickness spacer
[22]. Finally, the substrates with the TiS2 nanosheet were left at
25 °C overnight to thoroughly remove the liquid. And then the
TiS2 nanosheet-based substrates were ablated by a femtosecond
laser [22]. This device could be mainly used in the fields of
spectroscopy and filtering, etc. [23], [24].

The micrographs of the fabricated the TiS2 devices with
line spacing of 500 μm, 600 μm, and 700 μm are given in
Fig. 1. The line width of these devices was about 20 μm. The
sample size used in our experiment had a dimension of 20 mm
× 20 mm. The SEM photograph and Raman spectrum of the
TiS2 nanosheet are shown in Fig. 2. In Fig. 2(a), the SEM
photograph shows that the TiS2 nanosheet with a size of 100 nm
× 200 nm. In Fig. 2(b), the Raman spectra of the TiS2 film
show the 235 cm−1 and 335.7 cm−1 peaks related respectively
to the Eg and A1g vibrational modes and a shoulder at about
376 cm−1. The shoulder peak at ∼376 cm−1 has been attributed
to an interlayer vibrational mode, which could be due to excess
interlayer metal atoms, causing in turn a stiffening of the phonon
[25], [26]. The positions of the Raman peaks can confirm that
the sample of TiS2 is 1T phase and bulk feature [26], [27].

III. EXPERIMENTAL SETUP

The experimental setup of OPTP system is shown in Fig. 3.
Our measurements made use of optical excitation of the TiS2

devices and probing of the THz response using time-domain
spectroscopy.

The laser used for both optical pumping and THz probing
was a home-made femtosecond Yb-doped photonic crystal fiber
amplifier [28] (1040 nm center wavelength, 0.6 μJ pulse energy,
43 MHz repetition rate, 40 nm FWHM bandwidth, and 115 fs
pulse duration). THz pulses were generated from the femtosec-
ond laser pulses by optical rectification in a 3 mm GaP < 110
>-cut crystal. The generated THz wave was collimated and

Fig. 3. Experimental setup of optical-pump THz-probe spectroscopy (OPTP)
system.

focused by a pair of off-axis parabolic mirrors onto the sample.
The size of the THz beam on the sample was about 3 mm. After
passing through the sample, the diverging THz radiation was
collimated and focused by another pair of off-axis parabolic
mirrors onto a photoconductive antenna for the measurement
of THz electric field. The sampling beam was scanned in the
time domain by a mechanical translation stage. For optical
excitation, the irradiated laser was incident onto the samples
with a slightly tilted angle less than 5° from the surface. In order
to homogeneously photo-excite the TiS2 device, the pump beam
diameter was expanded to 5 mm, larger than the spot size of the
incident THz beam. Another mechanical translation stage was
used in the pump beam path to vary the time delay between
the THz probe pulse and the optical excitation pulse. All of the
measurements were performed at room temperature.

IV. RESULTS AND DISCUSS

A. Measurements of the Optically Introduced THz Electric
Field Modulation

The optically-induced THz modulation effect was measured
by using a THz time-domain spectroscopy. We recorded the
time-dependent electric field of the THz wave transmitted
through the TiS2 devices and nanosheet, defined as E(t). As
a reference, the THz electric field through a bare quartz sub-
strate was defined as E0(t). Then, the corresponding (complex)
frequency-domain fields, E(ω) and E0(ω) could be obtained by
the Fourier transform. Figs. 4 and 5 demonstrate the transmitted
THz electric fields and the corresponding spectra, respectively,
of the TiS2 devices with 500, 600, 700 μm line spacings
and the TiS2 nanosheet modulated by different laser powers,
respectively.

When TiS2 was illuminated by femtosecond laser pulses,
the THz modulation effect could be recognized clearly. As
shown in Fig. 5, the electric field amplitude of the THz wave
decreased continuously as the power of incident femtosecond
laser gradually increased from 120 mW to 780 mW. When the
pump power was increased to 250 mW, the average THz power
decreased in the frequency range between 0.2 to 0.8 THz due to
the increasing absorption coefficient [29]. Among the devices
with the line spacing of 500, 600, and 700 μm, the maximum
change in modulation amplitude appeared in the 700 μm line
spacing device.
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Fig. 4. Transmitted THz electric fields of TiS2 devices with the line spacings
(a) 500, (b) 600, (c) 700 µm, and of (d) TiS2 nanofilm, modulated by different
optical powers.

Fig. 5. The transmitted THz spectra corresponding to Fig. 4.

In order to evaluate the optically-introduced THz modulator,
the modulation depth (MD) was defined as [30]:

MD =
|TP − T0|

T0
(1)

where Tp and T0 are the THz transmittances with and without
laser incident on the modulators, respectively. The MD and the
normalized THz transmittance for the devices with line spacings
of 500, 600, 700 μm and the TiS2 nanofilm without the lines as
a function of the modulation beam power are shown in Fig. 6(a)
and (b), respectively. From Fig. 6(a), it can be noted that the
maximum MD of the 700 μm line spacing device can reach
70% at a pump laser power of 780 mW, while the MDs in the
30% to 50% range for the 500 and 600 μm line spacing devices
and the TiS2 nanosheet without the lines. The higher the pump
laser, the larger the MD. These results suggest that the TiS2

nanosheet-based structure could be employed as a wide-band
modulator for the THz waveband.

The modulation property of the TiS2 nanosheet without the
lines can be attributed to its absorption of the THz wave, because

Fig. 6. MD (a) and normalized THz transmittance (b) for devices with line
spacings of 500, 600, 700 µm and TiS2 nanofilm as a function of the modulation
beam power.

the photon energy of the THz wave is suitable for its band
gap. Electron-hole carriers could be generated when the TiS2

nanosheet was excited by a femtosecond laser at 1040 nm.
Most carriers were then diffused rapidly until an equilibrium
was reached. The nonlinear photo-response could be reinforced
under a higher pump laser power, because a faster mobility in
the TiS2 nanosheet would enhance the MD [4].

For the devices of the TiS2 nanosheet with the lines, the main
appendant effect is in the frequency domain, due to the wire-
grid-like structure. The MD of the devices is much higher than
the TiS2 nanosheet without the lines. Among of the samples,
the transmitted frequencies become higher when through the
700 μm line spacing device with maximum MD, which is more
suitable for the modulation by TiS2.

In Fig. 6(b), the THz transmittance decreased with the in-
creasing incident laser power for all samples. In general, the
TiS2 nanosheet would absorb and reflect more THz wave when
the electric conductivity increases, resulting in a decrease in
THz transmittance [14]. The optically-induced transmittance
coefficient of the TiS2 nanosheet could be written as [29], [31]:

T (E) =
1

(
1 + 1

2απσ (E)
)2 (2)

where α is the fine structure constant. Ignoring the photon effect
and other mechanical effects, the nonlinear conductivity caused
by the strong laser could be expressed by Floquet expansion
[16]:

σ (E) =

√
(1 + σ3 (E)H2)

2 + σ2
3 (E)H2

1 (3)

where, σ3(E)=
e2ν2

FE2
0

�2ω4 , H1 = 13
48N( 12 )− 2

3N(1) + 45
48N( 32 ),

H2 = 2N(1), N(x) = tanh( x�ω
2kBT ), e is the elementary charge,

vF is the Fermi velocity, E0 is the strength of the incident field,
ω is the frequency of the incident photons and T is the system
temperature. The third- order conductivity of the TiS2 nanosheet
could be obtained by [30]:

σ3(P ) =
e2v2F
�2ω4

2 ln(2)

cε0πr2
P (4)

where r is the approximate radius of the incident laser beam and
P is the modulated laser power. The theoretical result based on
Eq. (2) is demonstrated in Fig. 6(b), which is in good agreement
with the experimental result for the TiS2 nanosheet without the
lines.

For the samples with the wire-grid-like structure, the THz
transmittance descends clearly in comparison with that without
the lines. Moreover, it seems to be very sensitive to the line
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Fig. 7. Optical pump induced relative THz transmission change (ΔE/E0) as
a function of pump delay for TiS2 nanofilms (a) without lines and lines with
spacing (b) 500 µm, (c) 600 µm, and (d) 700 µm.

spacing. The larger the interval is, the faster the transmittance
decreases under the same irradiation laser power. Therefore, the
TiS2 nanosheet devices that integrate the natural and structural
properties should be more suitable as THz modulators.

B. OPTP Measurements of the TiS2 Nanosheet Devices

In order to gain insight into the role of the sample structure
further, the OPTP system was employed to investigate the con-
ductivity response of the TiS2 nanosheet and the devices. The
initial terahertz peak field E0 induced the peak field change ΔE
of the transmitted THz wave. The relative change of ΔE/E0 as
a function of probe time delay was recorded, as shown in Fig. 7.
The measurements on the fabricated TiS2 devices were done for
several times to produce rather consistent and valid results.

Firstly, the time-resolved photoconductivity of the TiS2

nanosheet is displayed in Fig. 7(a) The probe trace exhibits a fast
rise in the photoconductivity and is followed by a biexponential
decay. The maximum relative change ofΔE/E0 could be reached
in a few picoseconds after the sample was resonantly excited by
the femtosecond laser pulses, due to the fact that an absorbed
photon could generate a hot electron-hole pair ion close to the
band edge of the TiS2, resulting in the maximum carrier density
occurring within this time scale at a excitation pulse energy
of 4.29 nJ. Subsequently, the hot carriers would decay through
intraband thermal equilibrium and interband recombination.

The two relaxation processes could be fitted by a biexponen-
tial decay function containing a fast component τ1 and a slow
component τ2, as Eq. (5) [12]:

−ΔE

E0
= A1 exp

(
− τ

t1

)
+A2 exp

(
− τ

t2

)
(5)

The relaxation processes of the biexponential decay can be in-
terpreted as the carrier-carrier scattering and the carrier-phonon
scattering, i.e., the fast decay τ1 and the slow decay τ2, re-
spectively. The fitted curves are in good agreement with the
experimental results.

For the TiS2 nanofilm without the lines, τ1 = 1.07±0.07 ps
and τ2 = 8.7±0.13 ps, as can be seen in Fig. 7(a). In comparison

TABLE I
TIME CONSTANTS OF CARRIER DYNAMICS OF TiS2 AND SOME OTHER

TRANSITION METAL DISULFIDE (TMD) MATERIALS

with some other TMDs, the time constants of the reported
carrier dynamics are summarized in Table I. The relaxation time
extracted from the TiS2 nanosheet is in reasonable agreement
with those literature values, which illustrates that the data of the
TiS2 are comparable and reliable.

Afterwards, the TiS2 devices with the lines were measured by
the OPTP. The initial photoexcited carrier process in the devices
and the TiS2 nanosheet is the same. However, the exciting
dynamics were found to be remarkably different from the one
without the lines. τ1 of the devices with the line spacings of
500 μm, 600 μm and 700 μm, are 26.1±0.1 ps, 28.7±0.13 ps
and 32.7±0.15 ps, while τ2 of the same samples are 42.5±0.2
ps, 46.9±0.22 ps and 55.1±0.26 ps, represented in Fig. 7(b), (c)
and (d), respectively. Both the time constants of the relaxation
processes are enlarged 27 and 5.5-fold in the devices than
those in the TiS2 nanosheet without the lines. The comparing
experiments could demonstrate that the TiS2 devices exhibited
a rather long relaxation processes, which should be attributed to
the fabricated structure on the devices. It has been recognized
that the transient photoconductivity could be distinctly impacted
by the size [33], morphoses [34], assembled structure [35] and
molecular structure [36] of the semiconductor materials using
the OPTP method, since the photoexcited carriers could be
trapped onto these defect states and reduce the recombination
velocity of the photoexcited carriers. For our TiS2 devices,
the isotopic property was broken by the lines, resulting in a
combination structure of the wide bars of the TiS2 nanosheet.
As a consequence, the anisotropy of the diffusion range could
make an impact on the average mobility due to the strong carrier
localization on the surface boundaries arising from the surface
depletion layer around these lines. Therefore, the mobility in
these devices was slowed down and the decay time was delayed,
as compared to those in the nanofilm without the lines. In
addition, the increase of the line spacing was equivalent to a
reduction of the surface defect states and would reduce the
recombination velocity of the photoexcited carriers.

C. Photo-Induced Complex Conductivity Changes of TiS2
Nanosheet

An alternative is to extract the time-dependent conductivity
Δσ(tp) from the measured ΔE(t,t1)/E0(t) data by varying the
optical pump-THz probe delay (tp), which gives some insight
into the physical mechanism behind this process. Here, E(t,t1)
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Fig. 8. Photo-induced complex conductivity change of TiS2 nanofilm.

and E0(t) indicate the THz electric-field strengthes through the
optical excited and unexcited TiS2 devices, respectively, and
ΔE(t,t1) = E(t,t1) − E0(t). The transient photoconductivity
variation Δσ(tp) could be obtained by the relative transmission
variation as [37]:

Δσ(t1) = −1 + ns

Z0

ΔE(t, t1)

E0(t)
(6)

where ns and Z0 represent the THz refractive index of the
sapphire substrate and the impedance of free space, respectively.
The excitation wavelength was 1040 nm (1.19 eV), whose
photon energy is larger than the bandgap of the TiS2 nanofilm
(0.12∼0.24 eV).

The amplitude of the real part of the Δσ(τ , ω) spectrum was
reduced and the imaginary part of the Δσ(τ , ω) spectrum was
increased with increasing THz frequency. Our calculations and
experimental results are consistent with the trend in [37]. We
have modeled the transient response assuming the response of
photo excitation, which can be explained the complex conduc-
tivity by the Drude-Smith model [38], [39]:

σDS(ω) =
ε0ωp

2τ

1− iωτ

(
1 +

c

1− iωτ

)
(7)

where c accounts for the extent of carrier localization and back
scattering in the thin film, ωp is the plasma frequency, and τ is
the Drude–Smith scattering time.

Then we fitted the pump-induced differential variation of the
THz conductivity Δσ(τ , ω) with ωp and τ as adjustable param-
eters. The fitting results are given in Fig. 8 as the dashed lines,
which show a good result in the frequency domain. A plasma
frequency ωp of 0.0078 THz and a Drude–Smith scattering time
τ of 54.7 fs are obtained. In addition, the increasing layers of the
2D materials will lead to a higher photoconductivity [14], [40].

V. CONCLUSION

In conclusion, TiS2 nanosheet-based devices have been ab-
lated by a femtosecond laser. The modulation depth and the
time-resolved photoconductivity of the TiS2 devices with dif-
ferent line spacings were measured by THz-TDS and OPTP
spectroscopy The experiments have demonstrated that the fabri-
cated structure on the TiS2 nanosheet contributed to the change
of the optical-induced MD and the photoconductivity. The bi-
exponential decay times were 1.07±0.07 ps and 8.7±0.13 ps
for the TiS2 nanosheet, and were 26.1±0.1 ps and 42.5±0.2

ps, 28.7±0.13 ps and 46.9±0.22 ps, and 32.7±0.15 ps and
55.1±0.26 ps for the devices with line spacings of 500 μm,
600 μm, and 700 μm, respectively. For the 700 μm ling spacing
device, the optical-induced MD could reach 70%. A plasma
frequency of 0.0078 THz and a Drude-Smith scattering time of
54.7 fs were also obtained. Our work provides insight into the
ultrafast dynamics of THz photoconductivity in TiS2 nanosheet
devices and its good optical modulation performance.
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