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Abstract: Non-equilibrium photocarriers in multilayer WSe, injected by femtosecond laser
pulses exhibit extraordinary nonlinear dynamics in the presence of intense THz fields. The THz
absorption in optically excited WSe, rises rapidly in the low THz field regime and gradually
ramp up at high intensities. The strong THz pulses drive the photocarriers into sidebands of
higher mobility and release trapped charge carriers, which consequently enhance the transient
conductivity of WSe,. The spectrally analyzed conductivity reveals distinctive features, indicating
that the photocarriers undergo resonant interactions such as carrier-photon scattering.

1. Introduction

Transition metal dichalcogenides (TMDCs) are 2D semiconductors of unique electronic structure,
possessing distinctive electronic and optical properties such as a direct bandgap [1,2], strong
spin-orbit coupling [3,4], degenerate valleys at band edges [5—8], spin-dependent photocarrier
dynamics [9], and exciton resonances [10—13]. The electronic structure of a TMDC changes
with thickness [14], and in particular, the indirect bandgap in bulk MoS; and WSe; is widened
with decreasing thickness, which leads to a transition to direct bandgap in a single layer [1,2, 15].
A wide range of studies have demonstrated appealing properties of TMDCs for promising
applications in nanoelectronics and optoelectronics [16].

TMDC:s are attractive base materials for high-speed and high-frequency photonic devices [17,
18]. Time-resolved spectroscopy with electromagnetic waves has provided crucial insight into
the ultrafast carrier dynamics in TMDCs. The experimental results show that the microscopic
processes of the ultrafast carrier dynamics such as exciton formation and relaxation [19-21],
resonant quantum transitions [22], and Auger scattering [23] take place on a sub-picosecond
time scale. Time-resolved terahertz (THz) spectroscopy is a powerful tool to observe the
temporal evolution of the carrier dynamics in TMDCs because of its high sensitivity to electrical
conductivity changes [24,25]. It is also capable of measuring the complex refractive index
in a broad spectrum, providing comprehensive information about the electron configuration
and many-body interactions in TMDCs [26-29]. The strong interaction of THz waves with
photocarriers enables the development of new THz photonic devices for high-sensitivity THz
modulation with optical control [30-32].

In this study, we investigate high-field photocarrier dynamics in large-grain multilayer
WSe;, employing time-resolved high-field THz spectroscopy. Control of the TMDC electronic
structure via electric field can provide promising platforms not only for nanoelectronic and
spintronic applications [33,34], but also for exploring fundamental physical processes such as
phase transitions and many-body interactions [33,35,36]. High-field THz spectroscopy is an
effective tool for manipulating carrier dynamics in photoexcited materials [37, 38], yet only a
handful of studies have exploited the method to control the optical and electronic properties
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of TMDCs [34,39]. We demonstrate that intense THz fields induce precipitous changes in
photocarrier dynamics in WSe,.

2. Experiments

We exfoliated the large area WSe; sample from bulk and transferred onto a sapphire substrate.
Characterization of the sample substantiates its large grain size and high quantum yield of
photoluminescence. The optical microscope image in Fig. 1a shows the monolayer and multilayer
regions of the sample. A THz transmission image of the optically excited multilayer region of 25
layers is also shown.

(b)

* Pyroelectric
* EO sampling

Delay stage
|
THz
detector

5% reflect

From laser

Fig. 1. (a) Optical microscopy image of the WSe, sample (left) and THz transmission
scan highlighting the optically excited multilayer region (right) (b) Schematic of the
experimental setup for time-resolved high-field THz spectroscopy of photocarriers. THz
pulses are generated by optical rectification in a lithium niobate prism and measured by
two detectors, pyroelectric detector for pulse energy measurements and electro-optic
sampling for waveform measurements.

Figure 1b shows a schematic of the experimental setup for time-resolved THz spectroscopy of
photocarriers in WSe;. We generate intense single-cycle THz pulses by tilted-pulse-front optical
rectification in a Mg:LiNbOj3 prism using a 1-kHz regenerative amplifier (wavelength, 800 nm;
pulse energy, 1 mJ; pulse duration, 100 fs) [38,40]. THz pulses are focused to near diffraction
limit (beam waist, 0.4 mm) onto the sample by off-axis parabolic mirrors. The THz spectrum
is centered at 0.7 THz and has a broadband of 0.7 THz FWHM bandwidth. The peak field of
the THz pulses reaches 1.1 MV/cm at an optical pulse energy of 1 mJ. We measure THz pulse
energy using a pyroelectric detector and obtain THz waveforms employing electro-optic (EO)
sampling in a 1-mm ZnTe crystal. A small portion of the regenerative amplifier output and its
second harmonic generation in a BBO crystal are used for optical excitation of the WSe, sample
at 800 and 400 nm, respectively.
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3. Photocarrier Relaxation In Intense THz Fields

THz photon energy being considerably smaller than the bandgap of WSe,, THz absorption is
negligible in the extremely thin dielectric medium. Optical excitations, however, make qualitative
changes in the THz properties of WSe,, where THz radiation strongly interacts with photocarriers.
We observe the photocarrier relaxation in the WSe; sample which is optically excited by either
400-nm or 800-nm 100-fs optical pulses, using optical-pump/THz-probe spectroscopy. The
photon energies are above and below the monolayer bandgap of ~1.7 eV, respectively, while both
exceed the multilayer bandgap of ~1.4 eV. Figure 2 shows that an optical excitation instantly
induces large THz absorption in WSe;, and the photocarriers undergo slow relaxation in hundreds
of picosecond time scale. The relaxation time is 395 ps at 400 nm, which is significantly longer
than the relaxation time 263 ps at 800 nm. The hot-carrier relaxation may be prolonged by
defect-mediated trapping and phonon bottlenecks [41,42].

111 (a) 400 nm
t sample
pyroelectric
-
ilter

.g THz optical
g pump
C
© 0.8+
l_

0.7 4

N .
’\'I (b) 800 nm
8 0.9+
o
8
€
2 08
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|_
T =263ps
0.7 -
0 100 200 300 400

Delay Time (ps)

Fig. 2. Time-resolved THz transmittance of the multilayer WSe; sample excited by a
100-fs optical pump, with inset schematic of the optical-pump/THz-Probe experiment.
The optical pump wavelength is either (a) 400 nm or (b) 800 nm, where the pump
fluence is 710 pJ/cm? and 770 pl/cm?, respectively. The relaxation time is 395 ps at
400 nm and 263 ps at 800 nm.

In the presence of strong THz fields, photocarrier dynamics in WSe, exhibit distinctive
nonlinear effects depending on the THz intensity. Figure 3 presents the time-resolved THz
transmission through the sample at various peak-field amplitudes of the THz pulses ranging from
110 to 1100 kV/cm for (a) 400-nm and (b) 800-nm optical pumping for the first 10 picoseconds.
The optical pump fluence is set to 730 uJ/cm? at 400 nm and 770 uJ/cm? at 800 nm. The optically
induced THz absorption shows nonlinear responses at both optical pump wavelengths. The THz
transmittance reduces from 57% at 110 kV/cm to 52% at 1100 kV/cm for the 400-nm pumping
and from 63% to 58% for the 800-nm pumping.
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Fig. 3. Time-resolved THz transmittance of WSe, at the peak THz field amplitude of
110, 220, 330, 440, 550, 660, 770, 990 and 1100 kV/cm for (a) 400-nm and (b) 800-nm
optical pumping. The optical pump fluence is 730 pJ/cm? at 400 nm and 770 zJ/cm?
at 800 nm. (c) Averaged THz transmittance between 3 and 5 ps versus peak THz field
amplitude for 400-nm and 800-nm optical pumping

The nonlinear THz transmission depending on the field amplitude is shown in Fig. 3c. The
THz pulses produce similar nonlinear effects at both optical excitation wavelengths. The THz
transmittance gradually decreases up to 600 kV/cm as the THz field strength increases, and the
nonlinear response saturates at the higher fields for the both optical pump wavelengths. The
nonlinear THz absorption is stronger for 400-nm pumping than for 800-nm pumping. We speculate
that the hot carriers of high density injected by 400-nm pumping are more efficient for carrier
multiplication than the relatively cold carriers of 800-nm pumping. [43] It is noteworthy that the
field induced opacity in WSe; is extraordinary, considering that strong THz fields commonly
induce transparency in conventional 3D semiconductors such as Si, Ge and GaAs [44—47].
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Fig. 4. Time-resolved THz transmittance of WSe, at various optical pump fluences
for (a) 400-nm and (b) 800-nm pumping when the peak THz field amplitude is set to
1100 kV/cm. (c) Averaged THz transmittance between 3 and 5 ps versus optical pump
fluence for 800-nm and 400-nm pumping

Figure 4 presents the time-resolved THz transmission through the sample at various optical
pump fluences for (a) 400-nm and (b) 800-nm pumping, where the incident THz pulse is held
at a fixed field strength of 1100 kV/cm. The THz absorption induced by optical pumping
demonstrates strong nonlinear optical effects at both wavelengths. Figure 4c shows that the
THz transmittance undergoes a gradual yet slight decline up to 600 uJ of the optical pump
fluence, while plunging more than 40% above the threshold. The nonlinear behavior of the
THz absorption and the stronger effect for 400-nm pumping indicates that the WSe, sample
experiences carrier multiplication due to the high density of the hot carriers. [43]
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4. High-Field THz Time Domain Spectroscopy

We performed high-field THz time-domain spectroscopy for an extensive investigation of the
nonlinear THz responses in the WSe, sample. Figure 5a shows the waveforms transmitted
through the sample excited by 400-nm pump pulses at the peak THz-field amplitude from 110 to
1100 kV/cm, and the corresponding transmittance spectra are shown in Fig 5b. The decrease
in transmission as the THz-field strength increases is notable in Fig. 5b. The inset of Fig. 5b
presents the spectrally integrated transmittance as a function of peak THz-field strength, showing
that the transmission rapidly decreases in the low field regime, while gradually declining at
higher THz field amplitudes. The results are consistent with the time-resolved measurements
shown in Fig 3c.

(a) Eqsy (KV/cm)

—1100 T
—1050
—3870
—780
700
620
530
450
370
—280

ETHZ (a.u.)

-2 0 2
Delay Time (ps)

N
(o)L

0.61

Transmittance

. \
Transmittance
I
: ~
v

0.41

0 500 1000
Ery, (KViem)

“02 04 06 08 10 12 14 16 18
Frequency (THz)

Fig. 5. (a) Waveforms transmitted through the WSe, sample with 400-nm, 730-/1J/crn2
optical excitation at the delay time of 3 ps and (b) the corresponding transmittance
spectra. The inset shows spectrally integrated transmittance as a function of peak THz
field amplitude. The sold line is a guide to the eye.

The time-resolved THz waveforms contain comprehensive information about the photocarrier
dynamics in the WSe, sample. In particular, the transmittance spectra in Fig. 5b exhibit distinctive
features such as the peaks at 0.5, 0.7, 1.1 THz and beyond, indicating that the photocarriers are
not Drude-type free carriers. We extract the complex refractive index of the optically excited
WSe,, fitting the amplitude and phase spectra of the transmitted waveforms with the Fresnel
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Fig. 6. (a) Spectra of the real and imaginary parts of the relative permittivity of the
WSe, sample with 400-nm optical excitation for various THz field amplitudes. (b)
Corresponding spectra of the real part of the conductivity.

transmission coefficient [48],

i(fi-1)«k

—r > )

It e
Hw) = 12123

i3 1- 7‘21}”2362i" ¢

where 7i(w) and L are the refractive index and the thickness of the multilayer WSe,, respectively.
rij and t;;, where i, j = 1,2, 3 for 1=air, 2=WSe,, and 3=sapphire, are the normal-incidence
Fresnel reflection and transmission coefficients. The Fresnel analysis produces the relative
permittivity, &, (w) = 7i(w)?. Figure 6a shows the spectra of the real and imaginary parts of the
relative permittivity of the WSe, sample excited by 400-nm optical pump at various THz peak
field amplitudes. The permittivity is predominantly imaginary and inversely proportional to the
frequency in the low frequency region below ~0.8 THz, while the real part is flat and negligibly
small compared with the imaginary part. The overall spectral features of the permittivity are
consistent with the THz properties of conducting media. The optically excited WSe;, however, is
not a conventional conductor. Since the THz properties of the WSe, sample are dominated by
the photocarriers, the relative permittivity mainly depends on the AC conductivity o (w),

o(w) .o(w)

~—, 2)
Eow Eow

g (w) =¢ep(w) +i
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As shown in Fig. 6b, the complex conductivity is essentially real and increases with the THz
intensity increasing. The inset shows the rising conductivity at 1.05 and 1.47 THz. The
conductivity ranges from ~900,000 S/m at low frequencies, dipping down to ~200,000 S/m at 1.1
and 1.5 THz. The conductivity dips imply that the photocarriers undergo resonant interactions
such as carrier-phonon scattering [49, 50].

5. Conclusion

Strong THz fields give rise to remarkable photocarrier dynamics in multilayer WSe,. The field
induced nonlinear absorption in WSe; is extraordinary, comparing not only with conventional
3D semiconductors such as Si, Ge and GaAs [44-47], but also with another 2D material,
graphene [51,52], in which intense THz pulses enhance transparency. Microscopic mechanisms
of the nonlinear THz absorption in optically excited WSe, are still a work in progress. We
speculate that the strong THz fields drive photocarriers into sidebands of high mobility and
enhance the THz conductivity of the material. An alternative mechanism is that the strong
THz fields are freeing charge carriers trapped in defect states, also resulting in the rise of the
conductivity.
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