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Abstract

Quasi-2D layers of transition metal dichalcogenides are promising candidates for creating saturable absorbers for
pulsed lasers. However, the peculiarities of intense electromagnetic radiation’s influence on such structures have not
been thoroughly studied. This paper explores the dynamics of photoexcited carriers in WSe, flakes through experimen-
tal studies. These studies found that WSe, flakes significantly change their optical properties under the influence of a
high-power optical pump, allowed estimating the thermalization time of these structures (about 2 ps), and found that
full relaxation takes more than 10 ps. The concentration of carriers in the semiconductor surface layer was estimated to
be about 1028 m3. It was found that standard description models of the optical response based on exciton resonances
and absorption by free carriers could not adequately describe the experiments’ results. Thus, for an accurate description
of the optical response, it was necessary to consider the effects associated with Coulomb screening that are caused by
the high concentration of photo-excited carriers of the optical pumping densities used in this experiment.
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1. Introduction

After their discovery, transition metal dichalcogenides
(TMD) became highly promising 2D materials for na-
noelectronics devices. The explosive interest in such
structures is primarily due to their unique properties, in-
cluding the presence of a direct nonzero bandgap, real
two-dimensionality, chemical and thermal stability, and
flexibility. The possibility of these materials’ application
in various fields of nano- and optoelectronics, from logic
devices [1, 2] and memory cells [3, 4] to biosensors [5]
and gas sensors [6], has been demonstrated.

Another promising application of these materials is
the creation of saturable absorbers working both in the

visible [7, 8] and infrared optical ranges [9]. The possibil-
ity of applying these materials as filters is related to their
very high nonlinear optical absorption [10]. Therefore,
such saturable absorbers can be used both in mode-lock-
ing and in Q-switching [11-13] methods. However, the
physical mechanisms of such saturated absorbers under
the influence of high-intensity optical fields have not been
thoroughly investigated.

Quasi-2D structures based on transition metal dichal-
cogenides are promising objects for studying the optical
response to high-intensive pulsed laser radiation, both
from fundamental and applied perspectives. At high pump
powers, the effects caused by an increase in the photoex-
cited carriers’ concentration, such as the occurrence of
an electron-hole plasma regime and the disappearance
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of exciton resonances, become critical. Thus, investigat-
ing changes in the optical response occurring under these
conditions is essential for photonics’ development.

We present our results of photo-induced optical prop-
erties’ changes in WSe, flakes under ultra-short and
high-power optical pulses.

2. Materials and methods

Experimental studies of photoexcited carriers’ relaxation
in WSe, flakes were performed by time-resolved spec-
troscopy. This technique makes it possible to study pro-
cesses occurring in various materials under the action of
ultra-short laser pulses in the sub-picosecond time frame.

A modified pump-probe technique was used for the
experimental studies [14, 15]. Radiation with a wave-
length of 400 nm (photon energy 3.1 eV) was used as a
pump, which allowed effective carriers excitation from
the valence band into the conduction band. Radiation
with a wavelength of 800 nm (photon energy 1.55 eV)
was used as a probe. This wavelength was chosen due to
the bandgap’s width of the specified material, which is
about 1.97 eV. The radiation energy density on the sam-
ple was as follows: excitation — 70 mJ/cm?, and probing
— 5 mJ/cm?. Both beams were focused on the sample by
the collinear scheme with an objective lens multiplicity
x40. The reflected probe beam was then focused on the
photodiode.

Due to the use of a lens with a high numerical aper-
ture and pumping radiation with high peak power in this
study, the resulting energy density was much higher than
those of similar studies [16, 17]. To prevent sample de-
struction under the influence of such powerful radiation,
the pulse repetition rate was additionally diluted to 3 kHz.

Quasi-2D TMD flakes were made by the standard
technique of mechanical exfoliation from bulk WSe,
crystal. Such bulk structures are now widespread and
therefore commercially available. A Si/SiO, plate with an

Figure 1. Optical image of the WSe, flake. The length of the
scale bar is 5 um. Dotted line shows 2D WSe, flake.

oxide thickness of 90 nm was used as a substrate, which
provided the highest optical contrast [18].

A WSe, flake with a thickness of about 20 nm
(25 monolayers) was selected to avoid any substrate
contributions to the investigated optical processes. This
thickness ensures almost complete absorption of pump
optical radiation in the layer and completely excludes any
substrate contributions. Thus, for a given thickness of
TMD, considering multi-beam interference, it was esti-
mated that the silicon wafer would absorb less than 5% of
the incident light. However, it was also found that TMD
monolayered flakes, in addition to a small optical signal
compared to the substrate contribution, quickly degener-
ate under the action of the powerful optical pump used in
this work.

The optical image of the investigated quasi-2D sample
is shown in Fig. 1. The flake size was about 5x5 um,
which was enough to focus the optical radiation only on
the investigated flakes to avoid any silicon contributions.

All experimental works (the creation and study of
2D materials) were made by authors in the research lab-
oratory of the Nanoelectronics Department, Institute of
Physics and Technology, RTU MIREA.

3. Results and discussion

The dynamics of the excitation and subsequent relaxation
of the quasi-2D WSe, electronic subsystem were investi-
gated using the time-resolved spectroscopy method. The
results of the experiment are shown in Fig. 2. The de-
pendence of photo-induced reflectivity change for probe
wavelength, depending on the time delay between puls-
es for different pump energy densities, is presented. The
studies were conducted in the time range of up to 10 ps.
The number of experimental points for convenience was
reduced when visualizing the obtained data.

As shown, after a sharp initial excitation for a time of
the order of the pulse duration (about 35 fs), the signal
exponentially relaxed (Fig. 2).

We used the approach proposed in [19] to describe
the relaxation of the photoexcited electron subsystem in
semiconductor materials and to determine the relaxation
time. The following expression approximated the experi-
mental dependences shown in Fig. 2:

T
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where 1, is delay time between pulses, 1y, T; is relaxation
times, 4, B and C is amplitudes, o is pulse width.

The first term of this expression describes the excitation
of the sample electronic subsystem by a femtosecond
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Figure 2. Photo-induced change of WSe, flake reflectivity for
different pump powers. Solid lines — the result of approxima-
tion.

laser pulse, and the second and third terms describe the
relaxation processes of the sample electronic subsystem
with 1; and 1, times, respectively. According to the liter-
ature data, time t; corresponds to the thermalization pro-
cess (the distribution of photoexcited carriers along sub-
levels in the conduction band) and time 1, corresponds to
the recombination time of photoexcited carriers from the
conduction band to the valence band [20].

Using the approximation, it was found that the ther-
malization time of photo-excited carriers in the studied
WSe, flake was about 2 ps. However, based on the pre-
sented experimental dependencies, the characteristic re-
combination time 1, could not be determined because it
significantly exceeded 10 ps.

In the case of low optical power carriers with energies
much higher than the energy of exciton resonances were
generated. Consequently, electrons and holes relaxed,
moving in momentum space to the conduction band’s
minimum and the valence band’s maximum, respectively,
after which they formed excitons. Similar processes have
been partially investigated and described in [21].

Notably, the energy of the probing radiation was
1.55 eV, which was approximately equal to the value of
exciton resonance in the investigated sample. Further, the
optical response decreased due to carrier recombination,
and the characteristic lifetime of excitons exceeded the
maximum experimental delay time.

In the presence of exciton states, the sample optical
response can be described using the model proposed in
[14]. Moreover, it allowed determining the regularities of
optical coefficients change for semiconductor materials
(and, respectively, the induced reflectivity).

This model roughly divides the general dielectric
function of a semiconductor into two ranges: high-en-
ergy and low-energy. The high-energy range corre-
sponds to inter-zone transitions in semiconductors, and
the low-energy range corresponds to exciton transitions.

There were two main exciton transitions for the consid-
ered bulk WSe, crystal at room temperature: 4 (1.65 eV)
and B (2.08 eV) [22]. In the case under consideration, the
A-exciton was the closest to the probing radiation energy,
and it give the determining contribution to the induced
reflection coefficient.

In general, the characteristic values of the differential
reflection coefficient and peculiarities of its dynamics in
this experiment were due to several effects of a dramat-
ic increase in the concentration of photo-excited carri-
ers. The concentration of photoexcited carriers in a thin
near-surface layer can be estimated based on a simple
ratio:

N, =a(l-R)L @)

E:
where the following parameters of pump radiation are
used: o is absorption coefficient, R; is reflection coeffi-
cient, fis power density, and E is photon energy [23].

According to this formula, the carrier concentration in
the near-surface layer for the pump power density used
was about 1022 cm3. This value was quite large and
exceeded the values of Mott concentration in bulk and
monolayer samples of transition metal dichalcogenides
known from other works [24, 25].

The Mott density is the characteristic carrier density at
which the transition from the exciton regime to the elec-
tron-hole plasma regime occurs, where free carriers pre-
dominate. Thus, there is a change of exciton resonances’
position, they further decrease, and then they completely
disappear due to screening of Coulomb’s attraction be-
tween oppositely charged carriers.

Therefore, instead of using the model described above,
the optical response features in our experiment are de-
scribed considering the effects associated with high free
carrier densities: the bandgap renormalization effect and
the band-filling effect.

The need to consider the mentioned effects was also
confirmed by the fact that the estimation of the differen-
tial reflection coefficient considering only free-carrier ab-
sorption (according to the Drude model) did not converge
with the experimental results.

According to the Drude model, the dielectric permit-
tivity of the excited sample was

4mi  Ne’t
o m(l-iot)’

)

€= Ecore
where €, is dielectric permittivity of a non-excited sam-
ple, o is probe radiation frequency, 7 is carriers relaxation
time, N is concentration of photo-excited carriers, m is
effective mass.

In the band-filling effect, also known as the Burstein—
Moss effect [26], the concentration of carriers increased,
and the electrons from the valence band need energies
that exceed the nominal bandgap (as well as the holes
when they get from the conduction band into the valence
band) to get into the conduction band. This effect leads to
a decrease in the absorption coefficient at photon energies
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exceeding the bandgap. As the concentration of carri-
ers increases, the absorption coefficient becomes nega-
tive, i.e., instead of absorbing radiation, its amplification
is observed.

The effect of bandgap renormalization occurred be-
cause the injected electrons that were concentrated in the
lower part of the conduction band (as well as holes in
the upper part of the valence band) were repelled from
one another due to the Coulomb interaction. Additionally,
electrons with the same spin projection avoid one another
for statistical reasons, which leads to a decrease in the
bottom of the conduction band (similarly, in the case of
holes, it raises the ceiling of the valence band). The com-
bination of these effects led to a bandgap reduction.

Thus, for a full description of the optical response dy-
namics under these conditions, further experiments are
required to provide complete information about the ef-
fects associated with the presence of dense electron-hole
plasma in the TMD.

4. Conclusions

This work, involved an experimental study of the effect
of high-powered optical radiation of the order of sever-
al tens of mJ/cm? on quasi-2D WSe, films. A significant
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