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We studied the optical properties of an atomically thin WSe; film obtained by gold-assisted mechanical exfoliation.
Raman scattering spectra, low-temperature photoluminescence, and micro-reflection from large-scale monolayer
are investigated. At room temperature, the optical properties of such a film reproduce the properties of WSe;
monolayers obtained by regular mechanical exfoliation. It is shown that at low temperatures, the radiation spectra
of the resulting film are determined by standard mechanisms of radiative recombination involving free excitons,
bound excitons, and trions. However, in contrast to room temperatures, there is a significant difference in the
spectral width and intensity of the lines compared to monolayers WSe,, obtained regular way from the same source
material. The differences found, demonstrating a significant increase in background doping and structural disorder
when using gold-assisted exfoliation, may be meaningful for a number of optoelectronic applications of atomically

thin WSe; films.
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1. Introduction

Transition metal dichalcogenides (TMD) are classified as
laminates that have attracted interest over the past few years
owing to their electrical and mechanical properties and
wide heterostructure engineering capabilities [1,2]. Layers
in TMD are held together by low Van der Waals (VDW)
forces that allow separation into monolayers (a single whole
containing three atomic planes — one plane with transition
metal atoms sandwiched between two chalcogen atom
planes). Monolayers of many TMD such as MoS;, WS,,
WSe, and MoSe; are of particular interest because they are
semiconductors with direct bandgap [3,4], what makes them
promising materials for several modern optoelectronics
applications.

Mechanical exfoliation using an duct tape so called
stop-down® technique is the most common monolayer
production technology [5]. 1 monolayer thick TMD films
produced by a traditional mechanical exfoliation technique
have a small lateral size (~ 5Sum). In addition, the
exfoliation process is rather difficult to be controlled and
probability of producing monolayers is low. Some time ago,
it was demonstrated that both lateral dimension and mono-
layer production probability during mechanical exfoliation of
VDW materials may be increased dramatically by gold film
sputtering [6]. Such approach is enabled due to the fact that
gold has strong affinity with chalcogens with which it forms
a homopolar bond. However, notwithstanding the successful
production of relatively large monolayers using this method,
their structural and optical properties have been scarcely
addressed.
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Optical properties analysis of atomically thin WSe, film
produced with the use of gold is discussed herein. It is
shown herein that optical properties of such film are specific
to typical WSe, monolayers at room temperature. At the
same time, photoluminescence spectra (PL) of the film
obtained using gold at helium temperature differ drastically
from those of the monolayers obtained by a ,traditional®
technology. The observed differences associated both with
an obvious increase in background doping and consolidation
of the structural disorder role may be significant for a wide
range of optoelectronic applications of atomically thin WSe,
films.

2. Production procedure and preliminary
characterization

The test sample was prepared by gold-assisted splitting
of WSe; bulk crystal. Then, it was transferred onto SiO,/Si
substrate with a 300nm oxide layer. Gold is known to
have strong affinity with chalcogens with which it forms
a homopolar bond. The production process for lamellar
semiconductor thin layers with large lateral dimension is
schematically shown on Fig. 1. Using a thermoresistive
method, gold is sputtered on a WSe, bulk crystal applied
onto an duct tape. Gold atoms are bonded with chalcogen
atoms in the uppermost layer of the bulk crystal. Interaction
between the top layer and gold is stronger than Van
der Waals interaction with WSe, bottom layers. This
enables selective exfoliation of the top layer using a thermal
release tape that is subsequently transferred onto the SiO,/Si
substrate. Then the thermal release tape shall be removed
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Figure 1. Production of laterally large monolayers of lamellar semiconductors: @ — a bulk crystal is applied onto a duct tape, gold
sputtered and engaged with a thermal release tape; b — the thermal release tape is removed together with the gold film and top layer
of the bulk crystal; ¢ — the thermal release tape with the monolayer is transferred to a target substrate; d — the thermal release tape is
removed by heating up to 90°C on a hot bench; e — the gold film is etched away in KI/I, solution; f— the substrate with the monolayer
is finally cleaned at the last step.
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Figure 2. a is a Raman scattering spectrum at excitation wavelength 532 nm; b is a photoluminescence spectrum at room temperature;
c is the image of the produced monolayer WSe;.

by heating up to 90°C on a hot bench, and the substrate is potassium iodide (KI). The last step involves cleaning with
treated in oxygen plasma to remove the remaining tape from acetone, isopropyl alcohol and distilled water to remove the
the surface. At the next step, the gold film is etched with remaining adhesive.
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Relatively strong bonding between gold and uppermost
WSe, layer enhanced the probability of crystal splitting
exactly in the uppermost layer and, thus, it will be possible
to obtain a monolayer whose dimensions will be technically
limited only by the initial crystal. Figure 2,c¢ shows a
light-microscopical image of the obtained WSe, monolayer.
The layer dimensions are approx. ~ 20 x 30um. The
layer thickness of ~ 1nm was verified by atomic-force
microscopy.

Figure 2,a shows a Raman scattering spectrum of the
prepared sample at room temperature. Two peaks in the
area of 250 and 263 cm™~! were observed during the Raman
scattering experiment. It is known from [7] that the peak at
250cm™! is caused by Ej; phonon mode, and the peak at
263 cm™! corresponds to A1g mode. The absence of signal
at 310cm~! assigned to Bég vibrational mode proves that
the obtained sample is a monolayer. The photoluminescence
spectrum (Fig. 2,b) at room temperature has a single
line with photon energy 1.65eV. The peak position and
halfwidth definitely associate the peak with direct-band
A exciton that is the main state in one monolayer thick
WSe; films [8].

3. Low-temperature photoluminescence
of WSe, monolayer

For purpose of investigations of the low-temperature
photoluminescence, the sample was placed in Utreks
continuous-flow helium cryostat with the operating tem-
perature range of 5—300K. Optical excitation and sample
emission acquisition were performed in a confocal scheme.
Laser emission was focused on the sample surface into
a 2—3um spot using a microlens placed in the cryostat
together with the sample. For laser beam focus adjust-
ment, a 4f-scanner scheme was used. Cobolt Samba
532nm continuous-wave laser was used for excitation.
Photoluminescence emission, Raman scattering and sample
microreflections were examined using Acton 2500 grating
spectrometer and recorded by PyLoN 100B cooled CCD
Sensor.

Figure 3 shows PL spectra of three WSe, monolayers,
one of which was produced using a technique mentioned
above. The spectral lines of WSe,; monolayers on SiO,/Si
with energies 1.745 and 1.715 eV are assigned to A-excitons
and negatively charged T~ trions [9], and lines within
1.6—1.7e¢V are assigned to fault-bound states [10] or
multiparticle states [11]. It can be seen that there are no
significant changes in spectral position of the exciton and
trion lines. At the same time, their width was considerably
increased when gold was used. In the gold-assisted film
spectrum, a trion emission line is dominating which is
indicative of an increase in the free electron density in it.
The relationship between the free and bound exciton line
intensities has a weak dependence on the film production
method, however, widening of the localized state lines does
not allow to enable them now.
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Figure 3. Comparison of low-temperature (5K) photolumines-
cence of WSe, monolayers produced using a regular duct tape
and WSe, monolayer produced by gold-assisted micromechanical
exfoliation method.

The relationship of microreflection spectra recorded at
5K from the SiO,/Si substrate regions with and without
WSe; monolayer is shown in Fig. 4,a. These spectra
that illustrate small changes in the reflection spectrum
in the region containing the monolayer demonstrate the
appearance of a resonant feature within 1.68—1.80 eV. This
feature was caused by sharp change in the dielectric function
of WSe; close to the main bright exciton state [12]. For
sequential analysis of the feature, reflection spectra shall
be simulated, however, the spectral position of the main
exciton resonance may be assessed from the ,center-of-
gravity“ position of the resonant feature. As shown
in Fig. 4,a, it is located in the area of ~ 1.745eV,
which corresponds to A-line in the photoluminescence
spectra.

Thus, the measurements of microreflection spectra from
the gold-assisted monolayer demonstrate that A-line is
associated exactly with the main (bright) exciton resonance.

Figure 4, b shows photoluminescence spectra vs. 472 nm
laser emission excitation power density. It can be clearly
seen in the figure that the spectrum structure, including
three main lines, is virtually unchanged with the change in
optical pumping at least by a factor of 2. This means that
the differences observed in Fig. 3 are an artifact caused by
different excitation power density and/or a change in the
nonradiative recombination rate.

The band intensity grows with power density superlin-
early ~ P!2. For WSe, monolayers, the superlinear growth
of exciton luminescence intensity at low temperatures is
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Figure 4. a is the microreflection spectrum of WSe, monolayer;
b is the low-temperature (5K) photoluminescence spectra vs. laser
excitation power density Py = 32 kW/cm?.

generally explained by the need in population of bright
exciton states by Augerprocesses. Since for Augerprocesses,
interaction between three and more nonequilibrium carriers
is required, their rate grows sharply with the excitation
power density. However, for undoped (inherent) WSe,,
where exciton states prevail, this dependence shall be
close to quadraticc. The superlinear dependence with
exponent ~ 1.2 shows that the main Auger-processes
populating the bright exciton states are characterized by
collisions involving excitons and nonequilibrium carriers.
Moreover, concentration of the latter is considerably higher
than the concentration of excitons generated by optical
excitation. This feature of the gold-assisted monolayer
proves that it contains a significant concentration of car-
riers of the same sign. Since T~ -trion is the brightest
line in the emission spectra, electrons serve as such
carriers.

The experimental data shown in Figs. 3, 4 prove the
increase in film heterogeneity accompanied by a surface
density growth of conductivity electrons in it. It is known
that the chalcogen vacancies in DCM films are the main
fault leading to ntype conductivity [13]. In addition, these
faults are the centers of oxygen and water absorption from
atmosphere which will lead to a change in the dielectric
environment near the vacancies in the film. Therefore,
the found differences between the luminescence spectra of
monolayers obtained using the traditional technique and the
gold-assisted technique shall be preliminary assigned to the
increase in Se vacancy density.
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4. Conclusion

Thus, the micromechanical exfoliation using gold film
enabled to obtain atomically thin WSe, layer with a lateral
dimension of ~ 20 x 30um. The layer was characterized
using optical contrast microscopy, Raman scattering spectra
measurement, reflection and low-temperature photolumi-
nescence. It is shown that optical properties at room
temperature do not differ from that of WSe, monolayers
produced by the traditional mechanical exfoliation method.
At helium temperatures in photoluminescence spectra of
the obtained layer, a wide band with 1.715eV maximum
dominates and is associated with the radiative recombination
of negatively charged trions. On its short-wave and long-
wave wings, less intensive emission lines are recorded
associated with recombination of free (~ 1.745eV) and
bound (1.65¢eV) excitons, respectively. Despite the typical
positions of the main lines, their relative intensities and
widths differ drastically from that of WSe, monolayers
obtained by a traditional method from the same material.
The observed differences indicate that the gold-assisted me-
chanical exfoliation facilitates the increased role of structural
disorder and additional electron injection, apparently, due to
chalcogen vacancy generation.
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