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Electronic states are significantly correlated with chemical compositions, and the information related to
these factors is especially crucial for the manipulation of the properties of matter. However, this key
information is usually verified by after-validation methods, which could not be obtained during material
processing, for example, in the field of femtosecond laser direct writing inside materials. Here, critical
evolution stages of electronic states for monolayer tungsten diselenide (WSe,) around the modification
threshold (at a Mott density of ~10™ cm™2) are observed by broadband femtosecond transient
absorption spectroscopy, which is associated with the intense femtosecond-laser-assisted oxygen-
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doping mechanism. First-principles calculations and control experiments on graphene-covered
monolayer WSe, further confirm this modification mechanism. Our findings reveal a photochemical
reaction for monolayer WSe, under the Mott density condition and provide an electronic state criterion
to in situ monitor the degrees of modification in monolayer transition metal dichalcogenides during the
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Introduction

In recent years, 2D materials like transition metal dichalcogen-
ides (TMDCs) have been intensively studied for the next-
generation nano-optoelectronic devices,'™ due to their flexibility
and atomic thickness,®” along with their excellent electrical and
mechanical properties.® To manipulate the properties of 2D
materials, defect/doping engineering is proposed,” which could
endow pristine 2D materials with novel functions. For example,
photon/electron/neutron beams have been used to dope 2D
materials by changing chemical compositions, in which lateral
transistor and photodetector structures are achieved.'®* On
the other hand, laser direct writing and patterning under
intense irradiation conditions have been introduced to create 2D
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micro-nanostructures by removing undesired parts of 2D materials
or induce changes of chemical compositions in the irradiation part,
where unique optoelectronic responses in ultrathin flat lenses, logic
circuits and synaptic devices are reported.'* ™

Although these doped 2D materials are well characterized by
Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS) after material processing, which demonstrates the result-
ing composition changes, the key defect physics during the
electronic state evolution of pristine samples is missing. In
particular, when ultra-short laser pulses with a high energy
density are closely focused on the surface of 2D TMDCs, a series
of initial physical and chemical processes like the lattice
distortion and the following generation of defect states would
occur, which are the beginning of irreversibly changing physi-
cal and chemical properties of TMDCs in the fabrication/
modification threshold."” " Therefore, more accurately finding
this threshold requires a deeper understanding of the initial
defect/doping physics under intense laser irradiation on
TMDCs. Aiming at this ‘black box’ between the initial state
before laser modification and the final state after laser mod-
ification, it is urgent to develop an in situ detection technology
to indicate the electronic state evolution during femtosecond
laser irradiation on the surface of TMDCs.

In this paper, we present crucial evolution stages of electronic
states for monolayer WSe, under intense femtosecond laser
irradiation (IFsLI) by broadband femtosecond transient absorption
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(TA) spectroscopy. With the help of precise control of the sample
position by a 3D motion stage, we demonstrate the transient
influence of femtosecond-laser-assisted oxygen atom doping on
the electronic structure of monolayer WSe,. First-principles
calculations®™>* and control experiments on graphene-covered
monolayer WSe, are also performed to support this modification
mechanism. Different from previous reports on laser fabrication in
2D WSe,,"**® which particularly emphasize the resulting function-
ality of prepared devices, our findings provide a solution to directly
observe electronic state evolution around the modification thresh-
old of monolayer WSe, and in situ monitor the degrees of
modification in monolayer transition metal dichalcogenides dur-
ing the femtosecond laser modification.

Experimental
Sample preparation

CVD grown monolayer WSe, continuous films and graphene-
covered monolayer WSe, films were purchased from Sixcarbon
technology, Shenzhen, China. These monolayer films were
prepared by the CVD method on SiO,/Si substrates and then
transferred to sapphire or quartz substrates. For graphene-
covered monolayer WSe, films, the graphene was first coated
with a layer of polymethyl methacrylate (PMMA), and then the
PMMA-support graphene film was transferred onto the mono-
layer WSe, continuous film on quartz substrates. The prepared
graphene-covered monolayer WSe, was immersed in acetone to
remove the outside PMMA on the surface of the graphene, and
then it was vacuum annealed at 300 °C for 2 hours.

Steady-state characterizations

The steady-state absorption spectra were measured using a
home-built micro-zone optical microscope system. The Raman
and steady-state PL spectra were measured using Alpha 300R
(532 nm excitation). X-ray diffraction (XRD) data were recorded
on a Rigaku D/Max-2550 diffractometer with CuKo radiation
(4 =0.15418 nm).

Femtosecond broadband TA system

We used a mode-locked Ti:sapphire amplifier to generate
800 nm (repetition rate: 500 Hz) laser pulses with 35 fs pulse
width (Solstice, Spectra-Physics). It was split into two beams:
one was used as pump lights (400 nm pump lights); the other
was through a cuvette of 2 mm water, producing a broadband
probe light (ranging from 400 nm to 850 nm).>**” The signals
of TA were collected using a fiber-coupled spectrometer. The
dispersion correction of TA data was performed by a chirp
program. All TA experiments are performed at room tempera-
ture. The samples were fixed on an electrically controlled 3D
motion stage so that the fresh area on the sample was mea-
sured for each laser shot when the pump power was larger than
the estimated modification threshold. Namely, for relatively
high pump powers (initial exciton densities were estimated
from 6.82 x 10" to 1.89 x 10" cm™?), only a single TA
spectrum of fresh monolayer WSe, was recorded at a given
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delay time. It avoided the influence of long exposure time on TA
data under high pump power conditions. When each TA
experiment is finished at a given pump density, the pump light
is blocked by a mechanical shutter, and the sample is checked
out back-to-back using the nearby optical microscope system.
Thus, we can assign pump densities to optical images of
femtosecond laser modified monolayer WSe,.

Theoretical calculations

We performed the calculations using density functional theory
(DFT)**3' as implemented in the VASP codes.**** The
exchange-correlation energy was described by the generalized
gradient approximation, in the scheme proposed by Perdew,
Burke and Ernzerhof (PBE).>* A 6 x 6 x 1 supercell of WSe, is
used in the calculations. The cell size in the z-direction is 15 A
for the perfect and doped systems. The cutoff energy for the
plane wave basis is 520 eV and a 3 x 3 x 1 Monkhorst-Pack
mesh grid is used for k-point sampling. All atoms were relaxed
until the Hellman-Feynman forces on individual atoms were
less than 0.02 eV A~'. During the calculations of defect for-
mation energy, the chemical potential of W and Se under
W-rich and S-rich conditions are referred to as W (bec) and
Se (trigonal phase) crystals, respectively. We have referred to
the chemical potential of the O atom to its reservoir O, and
WO; (P6mmm).

Results and discussion

Fig. 1a shows the steady-state absorption spectra of monolayer
WSe, on the sapphire substrate with/without IFsLI treatments
(pumped at 400) measured using a home-built micro-zone
optical microscope system. For pristine monolayer WSe,, there
are four exciton states, labelled as A-exciton, B-exciton, A’-
exciton, and C-exciton states, respectively. A-exciton and B-
exciton states are the band-edge states due to the spin-orbital
splitting at the K point, A’-exciton state is related to the high-
energy excited-state levels of the A-exciton state, and the
C-exciton state is originated from the band-nesting region in
the band structure.®*® For the IFsLI treatment, the IFsLI case
1 represents a moderate modification for monolayer WSe,. And
the IFsLI case 2 represents a strongly modified result for
monolayer WSe,. As a result, the B-exciton and A’-exciton states
of monolayer WSe, almost disappeared in the steady-state
absorption spectrum of IFsLI case 2. Typical micro-zone optical
images for IFsLI case 1 and IFsLI case 2 are shown in Fig. S1
(ESIt). Fig. 1b presents the Raman spectra of pristine mono-
layer WSe, and IFsLI-treated monolayer WSe,. It indicates a
gradually redshift trend for the Raman peak of degenerated Ej,
and A;, modes from 250.7 cm ™" in pristine monolayer WSe, to
247.0 cm ™' in IFsLI case 2. This softening of Raman modes
implies n-type doping for IFsLI-treated monolayer WSe,.**
Fig. 1c shows the steady-state photoluminescence (PL) spectra
of pristine monolayer WSe, and IFsLI-treated monolayer WSe,,
which indicate a decreased trend for the radiation recombina-
tion intensities. The PL peak fitting analyses for the three
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Fig. 1 (a) Steady-state absorption spectra, (b) Raman spectra, and (c) steady-state PL spectra of pristine monolayer WSe, on the sapphire substrate and
IFsLI-treated monolayer WSe,. XPS analysis for (d) pristine monolayer WSe, on the sapphire substrate, (e) monolayer WSe, with a moderate modification
(IFsLI case 1), and (f) monolayer WSe, with a strong modification (IFsLI case 2).

samples are presented in Fig. S2 (ESIt). It suggests that the
contribution of defects to the PL spectrum is gradually
increased, which is ~8% in pristine monolayer WSe,, ~18%
in IFsLI case 1, and ~49% in IFsLI case 2 (Table S1, ESIT).
The XPS measurements further confirm the origin of IFsLI-
related doping for monolayer WSe,. For pristine monolayer
WSe, (Fig. 1d), there are three XPS peaks at 32.49 eV, 34.90 eV,
and 37.77 eV, corresponding to the binding energy of W4f,,
(WSe,), Wa4f;,, (WSe,), and W5p;/, (WSe,), respectively.*"** For
IFsLI case 1 (Fig. 1e), the XPS peaks of W4f,,, (WSe,) and W4fs,
(WSe,) are at 32.77 eV and 34.93 eV, respectively. More impor-
tantly, there is an additional XPS peak at 36.36 eV for the
binding energy of W4f,,, (WO,) in the XPS spectrum of IFSLI
case 1. It implies there is an overlapping state for the XPS peak
at 38.32 eV, in which XPS peaks of W5p;/, (WSe,) and W4f;,
(WO,) could be mixed together.'**® For IFsLI case 2 (Fig. 1f),
the XPS peaks of Waf,, (WSe,) and Wi4f;, (WSe,) are at
32.43 eV and 34.44 eV, respectively. Moreover, the ratio of the
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XPS peak at 36.04 eV for the binding energy of W4f,,, (WO,) in
IFsLI case 2 becomes larger. All the parameters for the fitting of
We-related XPS peaks are listed in Table S2 (ESIt). Based on the
XPS data, we could estimate that the amount of oxide is ~29%
and ~40% for IFsLI cases 1 and 2, respectively. So, XPS and
Raman measurements indicate the formation of new oxygen-
related defects is responsible for n-doped monolayer WSe,
under the IFsLI treatment under our experimental conditions.
We prefer to adopt WO; denoted as the main oxygen-related
defect state, according to the following TA spectra of IFsLI-
treated monolayer WSe,.

To reveal the modification processes in IFsLI-treated mono-
layer WSe,, broadband femtosecond TA experiments from low
pump densities to high pump densities are performed. Fig. 2
shows initial TA spectra for monolayer WSe, under 400 nm
excitation. Under 400 nm excitation conditions, we can esti-
mate the initial exciton density of monolayer WSe,, based on
the absorption value of pristine monolayer WSe, at 400 nm.

S 0
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Fig. 2 (a) Initial TA spectra of monolayer WSe, probed at 0.36 ps under 400 nm at relatively low initial exciton densities from 9.20 x 10 cm~2 to
3.68 x 10 cm™2. (b) Initial TA spectra of monolayer WSe, probed at a given delay time (i.e., ~1 ps) under 400 nm at relatively high initial exciton densities
from 6.82 x 10%? to 1.89 x 10 cm ™2, where the initial exciton density of 6.82 x 10*2 cm ™2, 1.05 x 10** cm~2, and 1.89 x 10" cm~2 corresponds to the
beginning of IFsLI treatment, the moderate modification conditions (IFsLI case 1), and the strong modification conditions (IFsLI case 2), respectively.
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At the relatively low initial exciton densities from 9.20 x 10" em ™
to 3.68 x 10" cm ? (Fig. 2a), the peak amplitude and peak
broadening of the four ground state bleaching (GSB) signal
increase as initial exciton densities. We find these transient
features start to become strange (Fig. 2b), when the initial exciton
density is further increased from 6.82 x 10'> cm™? (we assign this
exciton density as the critical threshold for IFsLI-treated monolayer
WSe,) to a Mott density of ~10"* em™2*® For the initial exciton
density of 6.82 x 10" cm?, the initial GSB signals for band-edge
A-exciton and B-exciton states are greatly decreased, implying the
reduced oscillator strength (due to the increased defects®’) and/or
decreased total amount (due to the cost of oxidizing of WSe,) for
the component of pure WSe, in the overlapping area of pump-
probe light spots. Besides, in the spectral range from 500 nm to
700 nm, a broad positive signal appears which is usually attributed
to new products in TA experiments. The signals corresponding to
the B-exciton bleaching state even become positive for IFsLI case
1 and IFsLI case 2 under the Mott density condition, probably
due to the spectral overlapping with this broad positive signal.
In particular for the stronger modification conditions (IFsLI
case 2, an initial exciton density of 1.89 x 10" cm™?), the initial
GSB signal for A’-exciton state disappears, and the initial TA
signals in the spectral range of 500-700 nm look like an over-
lapping of TA signals in monolayer WSe, and hole-dominant
WO; (Fig. S3, ESI).***® It could be due to the electron transfer
from oxidized areas (the defects like WOj; clusters) to the rest of
monolayer WSe, in the vicinity, forming n-doped monolayer
WSe, and hole-dominant WO;. It is worth noting that the GSB
peaks for C-exciton and A-exciton states of monolayer WSe, are
always clearly observed under the Mott density condition, and
the initial C-exciton signal in IFsLI case 2 even increases again,
implying a higher initial carrier population in this band-nesting
state. Exciton-density-dependent initial amplitudes for the four
GSB peaks are summarized in Fig. S4 (ESIT). These results
indicate that the electronic states observed in TA spectra at a
given delay time could be used to in situ characterize the IFsLI-
related modification degree for monolayer WSe, right after the
exposure of each laser shot and quantitatively find the lowest

Perfect WSe,
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modification threshold, which is related to the Mott density
of TMDCs.

Fig. 3 shows theoretically calculated band structures of
perfect monolayer WSe,, monolayer WSe, with Vg. (one Se
vacancy), and monolayer WSe, with Og,. (one Se is replaced by
one O). For the systems with a hexagonal shape, the K point in
the Brillouin zone of the unit cell will be folded into the Gamma
point in the Brillouin zone of the 6 x 6 x 1 supercell.* It leads
to the VBM of perfect WSe, at the Gamma point in calculated
band structures. The defect states of Vg, are removed when the
Se vacancy is occupied by O, and the resulting bandgap is still
larger than that of pristine monolayer WSe,.”° This is consis-
tent with our TA experimental results, which facilitate the
formation of n-doped monolayer WSe, in the IFsLI-treatment.
The formation energies of Vs, and Og. in monolayer WSe, are
listed in Table S3 (ESIt). Compared to monolayer WSe, with
Vse, monolayer WSe, with Os. has much lower formation
energy, which is even negative for the O atom from the O,
reservoir under ambient conditions. It reveals that to create a Se
vacancy needs a lot of extra energies, like under electron/
neutron beam irradiation or intense laser irradiation, but once
the Se vacancy occurs, it is very easily passivated by the O atom
(it works in the case where the chemical potential of O atom is
referred to its reservoir O, or WO3).

The TA experiments on monolayer WSe, covered by
graphene further support our understanding. Fig. S5 (ESIY)
shows the steady-state absorption spectra of graphene and
monolayer WSe, covered by graphene. It is notable that under
the same low pump conditions (i.e., initial exciton density of
9.20 x 10"" em™?), the amplitude of GSB signals for each
exciton state is comparable for monolayer WSe, with/without
graphene. It suggests the influence of graphene on the esti-
mated initial exciton densities is minor and can be negligible
under our experimental conditions. It is found that when the
monolayer WSe, is covered by graphene, it inhibits the parti-
cipation of O atoms for the oxidizing of Se vacancies since
graphene has a high-energy barrier for the surface oxidation
reaction and its atomically thin thickness is also enough to

Of Gap = 1.62 eV

Of Gap = 1.64 eV

0 Gap =1.63 eV

Fig. 3 Band structures of (left) perfect WSe,, (middle) WSe, with Vs (one Se vacancy), and (right) WSe, with one Os, (one Se is replaced by one O). The

Fermi level is at O eV.
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Fig. 4 (a) Initial TA spectra of graphene-covered monolayer WSe; films probed at 0.25 ps under 400 nm at different initial exciton densities from
9.20 x 10 cm™2 to 1.89 x 10'* cm™2. The normalized dynamics of (b) A-, (c) B-exciton and (d) C-exciton states of monolayer WSe, with and without
graphene under 400 nm excitation at an initial exciton density of 9.20 x 10* cm~2. The red solid lines are the multiple-exponential fitting results.

physically separate the existed Se vacancies in monolayer WSe,
from O atoms under ambient conditions.”® As a result, there is
no observation of oxygen-related transient species in the initial
time of TA data (Fig. 4a), and the exciton population is
preferentially dominated by the A’- and C-exciton states under
the Mott density condition (in the meantime, the amplitude of
GSB signals for A- and B-exciton states is not greatly decreased),
probably due to the band nesting effect and the band renorma-
lization under those ultrahigh initial exciton densities.*®*>>
This also indicates that IFSLI treatments under our experi-
mental conditions are not strong enough to directly remove
Se atoms in monolayer WSe, forming Se vacancies. It in turn
means the IFsLI-related modification mechanism in monolayer
WSe, is not the case of directly creating new Se vacancies first
by IFsLI treatments; instead, it is an IFsLI-assisted excited-state
photochemical reaction: when IFsLI increases the initial exci-
ton density of monolayer WSe, to the Mott density condition,
monolayer WSe, prefers to resist the Mott transition by the
band renormalization and/or the photochemical reaction with
O atoms under ambient conditions. For the latter, an IFSLI-
related modification occurs in monolayer WSe,, where the
modification threshold is around the Mott density. In addition,
there is an efficient charge transfer from the band-edge states
and C-exciton state of monolayer WSe, to graphene in
graphene-covered monolayer WSe,, which is estimated to be
89%, 86% and 79% for A-, B- and C-exciton states, respectively,
in comparison with that in monolayer WSe, only (Fig. 4b-d).
Detailed fitting data are presented in Table S4 (ESIt). These
control experiments indicate that graphene plays a dual role in
graphene-covered monolayer TMDCs, which is the protection
of samples from oxygen doping and initial carrier extraction
from monolayer TMDCs.

This journal is © the Owner Societies 2023

Conclusions

In conclusion, we have presented key stages of electronic state
evolution for IFsLI-treated monolayer WSe, around the modification
threshold by broadband TA experiments. Steady-state absorption/
PL/Raman/XPS measurements and first-principles calculations con-
firm the existence of IFsLI-related oxidization for monolayer WSe,.
Different from the direct removal of atoms in samples, control
experiments on monolayer WSe, covered by graphene further
demonstrate that it is an IFsLI-assisted photochemical reaction
and reveal an efficient initial carrier extraction for the band-edge
exciton states in monolayer WSe,. Our findings provide an electro-
nic state criterion to in situ monitor the degrees of modification in
monolayer TMDCs during the femtosecond laser modification. It
also indicates a simple laser fabrication approach for lateral mono-
layer heterojunctions, due to the IFsLI-assisted oxidization reaction
for monolayer TMDCs.
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