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ABSTRACT

Chlorine-doped tungsten disulfide monolayer (1L-WS,) with tunable charge carrier concentration
has been realized by pulsed laser irradiation of the atomically thin lattice in a precursor gas
atmosphere. This process gives rise to a systematic shift of the neutral exciton peak towards lower
energies, indicating reduction of the crystal’s electron density. The capability to progressively tune
the carrier density upon variation of the exposure time is demonstrated; this implicates that the
Fermi level shift is directly correlated to the respective electron density modulation due to the
chlorine species. Notably, this electron withdrawing process enabled the determination of the trion
binding energy of the intrinsic crystal, found to be as low as 20 meV, in accordance to theoretical
predictions. At the same time, it is found that the effect can be reversed upon continuous wave
laser scanning of the monolayer in air. Scanning Auger Microscopy and X-ray photoelectron
spectroscopy are used to link the actual charge carrier doping to the different chlorine
configurations in the monolayer lattice. The spectroscopic analyses, complemented by density
functional theory calculations, reveal that chlorine physisorption is responsible for the carrier
density modulation induced by the pulsed laser photochemical reaction process. Such bidirectional
control of the Fermi level, coupled with the capability offered by lasers to process at pre-selected
locations, can be advantageously used for spatially resolved doping modulation in 1L-WS; with
micrometric resolution. This method can also be extended for the controllable doping of other
TMD monolayers.

Monolayer (1L) transition metal dichalcogenides (TMDs) are promising materials for future 2D
nanoelectronics due to their unique electrical,' optical>? and mechanical properties.* Indeed, TMDs
have been demonstrated to be ideal candidates for field-effect transistors, photovoltaic cells, light-
emitting diodes, single-atom storage, molecule sensing, quantum-state metamaterials and
electrocatalytic water splitting applications.>’

Carrier modulation is an important parameter in the study of the electronic properties of
semiconductors and at the heart of many applications in microelectronics. Tuning the charge
carrier density, i.e. doping, can be realized chemically, via bonding of foreign atoms to the crystal
structure 1 or electrostatically, by inducing a charge accumulation.!'* Electrical doping



measurements of 1L MoSe»'*and WSe,'> have shown the tunability in the photoluminescence (PL)
emission of the neutral (X) and negatively (X°) or positively (X*) charged excitons (so-called
trions). Moreover, electrically tunable PL emission between X and X components has been
observed in MoS; and WS,.!"1¢ At the same time, chemical doping via the absorption of atoms in
gas phase and organic molecules has been demonstrated to be a promising approach to tune the
carrier density in TMDs.!?!72! Despite the numerous studies on TMDs’ doping, reported to date,
the fine control in charge carrier tunability, as well as the doping reversibility still remain
unresolved issues.

In this Letter, we demonstrate the reversible tunability of the position of the neutral exciton
emission peak of 1L-WS: via photoinduced chlorination of the atomically thin lattice. It is found
that this is a consequence of the adsorption of electron withdrawing chlorine adatoms that strongly
suppresses the electron concentration and enhances the PL efficiency. Theoretical calculations
indicate that the charge transfer between the dopant species and the monolayer induces a shift in
the Fermi level, giving rise to the observed modulation of the optical properties. Notably, it is
found that the lattice can be driven back to its pristine state upon continuous wave (CW) laser
induced removal of chlorine dopants. It is concluded that photo-assisted chemical doping provides
a useful and fast tool for bidirectional control of the Fermi level in 1L-WS,. More important, it
enables, on-demand, spatially resolved doping modulation, upon laser induced
adsorption/desorption in preselected locations, in a write-erase manner.

Scheme 1: Schematic representation of the process used for the photochlorination of TMDs.
WS, samples were mechanically exfoliated from a bulk crystal (2D semiconductors) using an
adhesive tape and were subsequently placed onto 290 nm-thick SiO»/Si substrates. Monolayer
regions were identified via optical microscopy and confirmed with micro-Raman spectroscopy
(Figure 1S) with very low laser power in order to avoid structural damage. The energy difference
between the two main Raman vibrational modes, E” (in plane mode) and A" (out of plane mode),
is used extensively in the literature as the fingerprint of the number of layers.??



Following exfoliation, the WS> monolayers were exposed to the irradiation of a 248 nm UV laser
source emitting 20 ns pulses (ScheMateme 1) at a repetition rate of 1Hz. The whole process took
place into a 120 Torr Cl, residual gas pressure. Different combinations of laser power (P) and
number of pulses (N,) were tested in an effort to optimize this photochlorination process. In a
typical experiment, the sample was irradiated at a constant P with N, = 1, 5, 10, 20, 30 and 40
pulses, corresponding to photoreaction times of 1,5, 10, 20, 30, and 40 s respectively.
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Figure 1: (a) Evolution of the Raman Spectra of WS> monolayer with the photochlorination time
shown in the inset. (c) Dependence of the E and the A; peak frequencies on the photochlorination
time. (b) Evolution of the out-of-plane vibrational mode A, (d) Frequency separation between the
E and the A; modes as a function of the photochlorination time.

Figure la presents the evolution of the micro-Raman spectrum of a 1L-WS,, subjected to UV
irradiation in Cl> environment, upon increasing the exposure time. The corresponding dependence
ofthe E” and A" peak frequencies with doping steps is shown in Figure 1b. It is found that the A;’
mode progressively blue-shifts upon irradiation for 40s in Clo, while the peak position of the E'
mode remains unaffected. It is well reported that, in a typical 1L. TMD, the out-of-plane mode, A1’
is sensitive to charging effects due to the strong electron phonon coupling.?*** In particular, the
observed blue shift of the A;” peak complies with electron withdrawing, i.e. p-type, doping. On
the contrary, it is demonstrated that the in-plane, E', mode is not significantly influenced by
electron doping.'®?32* Figure 1d shows the corresponding increase of the Raman frequency
difference (Ao = o(A1")-o(E')) with the doping time, which remains always within the reported
limit of the monolayer energy difference of 59-61 cm1.222° All above observations indicate a hole
doping effect induced upon such photochlorination treatment.

Micro-PL spectroscopy and reflectivity measurements were used to further explore the hole doping
effect induced by photochlorination. Figure 2a shows the PL spectra of monolayer WS, at 78 K at
different photochlorination times. For the analysis of the different emission peaks, we fit the
spectra with Gaussian functions acquiring high values of coefficient of determination (R?>>0.99).



The corresponding PL spectra were deconvoluted into three peaks (Figure 2b), which are assigned
(from higher to lower energy) to neutral exciton (X) at 2.085eV, negatively charged exciton (trion,
X7) at 2.045eV, which arise from direct optical transitions at the K point and emission from
biexcitons and localized states (XX/L).26-2® Notably, the X~ and X emission behave differently as
a function of the photochlorination time. A first finding is that the X emission intensity is
remarkably enhanced at the expense of the X~ which can be explained as follows: WS> is a well-
known n-type 2D material and its PL spectrum is accompanied by negatively charged trions even
at room temperature.”’” Under the photochlorination treatment the electron concentration is
reduced, suppressing the oscillator strength of the negatively charged trions and leading the PL
spectral weight towards the neutral exciton emission.
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Figure 2: (a) Evolution of the PL spectra of a IL-WS:> at 78K, with the photochlorination time. (b)
Deconvolution of the initial PL spectrum obtained prior to the photochlorination process, the
neutral exciton (X), negatively charged exciton (trion, X') and emission from localized states



(XX/L) peaks are assigned. (c) Peak position of X and X as a function of the photochlorination
time. (d) Dependence of the trion binding energy, corresponding to the energy difference between
the X and X~ peaks, on the photochlorination time. (e) The ratio of normalized intensities of the X
and X~ peaks as a function of the photochlorination time. (e) Evolution of the calculated electron
density with the photochlorination time.

More importantly, the X peak progressively redshifts with photochlorination time and tends to
saturate at elevated exposure times (Figure 2c); On the other hand, the X~ peak weakly blueshifts
(Figure 2c¢). As a result, the trion binding energy, corresponding to the energy difference between
the X and X, decreases with the photochlorination time (Figure 2d), in agreement to previous
reports on electron doping in 1L-WS,, 1L-MoS; and 1L-WSe».!"! Such reduction in the trion
binding energy can be attributed to the Fermi level lowering upon photochemical doping with
chlorine. It is interesting also that the trion binding energy saturates to the quite low value of
~20meV, which is in agreement to theoretical predictions for the 1L-WS; intrinsic (undoped)
crystal.?? The observations will be further discussed in the DFT calculations section below. Figure
2e shows the ratio of normalized intensities of two excitonic components as a function of the
doping steps. The as-exfoliated 1L-WS; is of n-type and thus rich in electrons, which enhances the
probability of X~ formation; as a result the spectral weight of the X" peak is initially predominant.
The progressive suppression of the X peak, coupled with the monotonical enhancement of the X
peak observed upon photochlorination can be interpreted as a reduction of the 1L-WS; electron
density, which can be also attributed to the Fermi level lowering. The corresponding splitting
between the exciton (wx) and trion energy (wx’) is predicted to be linearly dependent on the Fermi
energy'!' and obey the equation: wx - wx = Ep + Er. Based on this equation, the electron density ne
can be calculated (see Supporting Information), assuming the measured E, of 20 meV and the
effective mass of electrons as me=0.35mo!!*> where my is the free electron mass. The calculated
electron density ne as a function of the photochlorination time is shown in Figure 2f; the electron

densities of 1L-WS; before and after doping in the saturation region are ~3.05 x 10'> and ~0.14

x 102 cm™2, respectively, while their difference is Ane ~ 2.91 x 10'2 cm™2. The capability to
progressively tune the carrier density upon variation of the photochlorination time, shown in
Figure 2e, implicates that the Fermi level shift can be directly correlated to the respective electron
density modulation due to the chlorine species.

Differential reflectivity measurements performed in the same 1L-WS, (Figure 2S, supporting
information) are in remarkable agreement with the micro-PL results described above. The
respective spectra show again the two distinct excitonic absorption peaks, X and X, at ~2.04eV
and ~2.086¢V respectively.?® Moreover, the X absorption, in differential spectra, was suppressed
by doping, while the trion binding energy saturates to the same value of ~20 meV (Figure 2Sa), in
accordance to the results obtained by the micro-PL spectra.

To shed light on the photoinduced reaction process between 1L-WS; and Cl,, topographic X-Ray
Photoelectron Spectroscopy (XPS) and Scanning Auger Microscopy (SAM) were used to
determine the chemical state of the W, S and CL. In a first step the XPS spectra of single WS>
layers before and after the photochlorination treatment were compared, as presented in Figure 3a.
Notably, in the spectrum of the photochlorinated sample a characteristic Cl peak was detected, in
addition to the photoelectron lines of W, S, adventitious C and Si (due to the substrate) observed
in the pristine sample. The corresponding [S]/[W] ratio, however, was remained close to 2 showing
that there is no significant replacement of S with Cl. On the other hand, SAM detected no CI on
the surface of the laser-treated sample, suggesting that Cl is loosely bonded on WS> and that
desorption of chlorine species from WS, due to the heating of the surface by the high energy/high



flux electron beam, takes place. More detailed information on the chemical bonding can be
deduced from analyzing the XPS core-level spectra of the constituent elements. Figure 3b and 3¢
show the S-2p and the W-4f core level spectra, respectively, for the two samples (pristine and CI-
doped). In both lines the split due to spin-orbit coupling is observed, so the core level spectra
consist of doublets (S-2p'? and S-2p*? as well as W-4f72 and W-4/72).
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Figure 3: (a) XPS wide scan spectra of the pristine (black curve) and photochlorinated for 40s
(red curve) IL-WS>. The legends indicate the assignment of the corresponding photoelectron
peaks; Corresponding W-4f (b) and S-2p (c) core level spectra, showing splitting due to spin-orbit
coupling; (d) Corresponding valence band spectra of the 1L-WS> samples.

In the case of W-4f core level spectra, the binding energy of the W-4f"2 is observed to be that of
pure WS»,3? thus proving the quality of this reference sample. In the case of the sample exposed to
Cl, the dominant W-4f7? peak is located at higher binding energy, indicating a charge transfer due
to Cl incorporation, which is also observed for W-CI bonds in WCl,*! Further insight is provided
by analyzing the S-2p*? core-level spectra (Figure 3d). Indeed the S-2p*?2 peak for the pristine WS,
is detected at the expected binding energy for pure WS».3? In the case of the Cl-doped sample there
is both a shift of the S-2p doublet, from the 162.8 eV for pure WS,, and a fine structure of the S-
2p*? peak with contributions at 163.1 and 163.5 eV. The former can be attributed to S-containing
aromatic compounds, such as thiophenol*? which might be formed on the surface of the samples



by reaction of the adventitious carbon with S in the presence of Cl upon laser irradiation; the latter
might be attributed to either S-containing aliphatic compounds,** formed on the surface of the
samples by reaction of the adventitious carbon with S in the presence of CI upon laser irradiation,
or to S-Cl bonds similar to those observed in disulfur dichloride (S,Cl,).*2 All of the
aforementioned compounds (e.g. thiophenol, and S,Cl,) decompose or desorb upon annealing at
mild temperatures (e.g. 137 °C for S,Cl,),** while even W chlorides decompose and desorb upon
electron irradiation®* ; this explains the lack of detection of Cl in SAM experiments due to the
heating of the sample’s surface by the incoming electron beam. As a conclusion, Cl seems to
develop CI-S bonds mostly with the S atomic layer, which result in charge transfer from W, as
well, due to the high electronegativity of CI.

To gain a deeper understanding of the chemical bonding attained due to photochlorination
reactions, spin-polarized Density Functional Theory (DFT) calculations, were carried out. Two
different scenarios for the interaction of chlorine with 1L-WS, have been investigated, namely
chlorine atoms are filling S vacancies or become adsorbed on a basal plane. The DFT calculation
revealed that in the former bonding configuration, chlorine creates a donor level in 1L-WS, (Figure
4a), giving rise to a Fermi level shift towards the conduction band and therefore cannot account
for the observed red shift of the neutral exciton peak. On the contrary, chlorine adsorption creates
an acceptor level, which likely shifts down the Fermi level of n-type WS, (Figure 4b) and therefore
complies with the neutral exciton peak red shift. The chlorine desorption effect revealed by the
DFT calculations complies with the XPS findings discussed above.
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Figure 4: Spin-polarized Density Functional Theory calculations of the photochlorination
reaction process in 1L-WS,: (a) Simulation of Chlorine atoms filling S vacancies; (b) Simulation
of Chlorine atoms adsorbed on the basal plane.

We find that the observed photochlorination effect can be reversed upon CW laser (473nm)
rastering of the chlorine-doped 1L-WS,, possibly due to the laser induced desorption of chlorine
atoms from the monolayer. In particular, following such a dechlorination process, the Raman A;’
mode position, the PL intensity as well as the trion binding energy, return practically back to the
levels prior to photochlorination (Figure 5 and Figure 3S and 4S). The respective micro-PL and
differential reflectance spectra are presented in Figure 5. As shown in this Figure, both the PL and
reflectivity spectra evolve upon increasing the CW laser power from 3.16kW/cm? to 3.56kW/cm?,
but become stable upon further increasing the CW power. It is also found that the degree of
dechlorination can be also controlled with the variation of the rastering time. Based on the above
observations, we can postulate that the photochlorination approach, demonstrated here, provides a
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useful tool for bidirectional (extraction or injection of electrons) control of the electron density
levels in 1L-WSo.
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Figure 5: PL (a) and differential reflectance (b) spectra of a pristine 1L-WS: (black curves) and
photochlorinated for 5s (red curves) and 15s (blue curves) respectively. The corresponding
spectra obtained after CW laser rastering of the monolayer area using 316 kW/cm? (magenta
curves) and 356 kW/cm? (green curves) are also presented. The resonant energies the X and X~
excitons are indicated with dotted lines.

The above results indicate the possibility of a laser induced chlorination/dechlorination process
enabling spatially selective doping changes with a beam size, i.e. micrometer, resolution. As a
proof of this concept, we have exposed part of a pristine (Figure 6a) WS> monolayer to UV pulses
in chlorine (Figure 6b) and subsequently we scanned the same area with a 473nm CW laser beam
in air (Figure 6¢). Figure 6d shows the respective normalized-intensity PL spectra, indicating the
reversibility of the photochlorination effect. Furthermore, due to the spatial control of
photochlorination we oberve a much stronger PL emission by the photochlorinated area (area B in
Figure 6b and magenta curve in Figure 6d) compared to the pristine one (area A in Figure 6b and
blue curve in Figure 6d), which is restored back to the levels of the monolayer in its pristine state
upon CW laser cleaning (area C in Figure 6¢ and green curve in Figure 6d). This light-induced
bidirectional doping process could potentially provide erasable regions of customized doping
levels or even the formation of in-plane electronic junctions.
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Figure 6. (a) Optical microscopy image of an exfoliated 1L-WS.. (b) Fluorescence image of the
monolayer following selective photochlorination of the area assigned as B, as indicated by the
stronger PL emission compared to the area denoted as A. (c) Reversal of the photochlorination
effect upon CW laser rastering of the chlorine-doped area, indicated by the suppresion of the PL
emission by the area assigned as C (d) The corresponding PL spectra of the pristinel L-WS> (blue
curve), photochlorinated (magenta curve) and dechlorinated (green curve) areas.

In summary, we have demonstrated the spatially resolved and reversible tuning of the PL
properties of 1L-WS; using a pulsed laser photodoping process. It is shown that the PL intensity
can be significantly enhanced via the photo-assisted adsorption of p-type chlorine dopants to the
monolayer lattice. This is due to the switching of the dominant PL process from the recombination
of negative trions to that of neutral excitons, under the annihilation of residual electrons from the
pristine crystal. DFT calculations confirm that chlorine adsorption can significantly affect the
lattice electron density resulting in considerable shifts in the Fermi level position and to complete
charge neutralization. Another remarkable finding is that the doping effect can be gradually
reversed upon CW laser removal of the adsorbed chlorine species. This all-optical, bidirectional
tuning of the electron density developed here can be advantageously used for spatially resolved
doping modulation in 1L-WS; with micrometric resolution. It can therefore be important for the
fabrication of TMD-based light-emitting and photovoltaic devices as well as in reducing the
contact resistance between the TMD channel and the metal electrodes in field effect transistors.
Although in the present study we have introduced a photochemical chlorination method to control
the carrier density in 1L-WS, this process can be readily extended to alternate combinations of
dopants and TMD materials.

Experimental Methods



Sample preparation: WS, samples were mechanically exfoliated from a bulk crystal (HQ
Graphene) using an adhesive tape and were subsequently placed onto n-doped Si wafers covered
by a 285nm thick SiO; layer.

Photochlorination process: The as-prepared WS> monolayers were subjected to irradiation by a
KrF excimer UV laser beam emitting 20 ns pulses of 248 nm at 1Hz repetition rate that was
translated onto the monolayer area. For uniform exposure to laser radiation, a top-flat beam profile
of 20x10 mm? was obtained using a beam homogenizer. The whole process took place into a
vacuum chamber at 120 Torr Clz gas pressure maintained through a precision micro valve system.
Different combinations of laser power (P) and number of pulses (N,) were tested in an effort to
optimize the photochlorination process. In a typical experiment, the sample was irradiated at a
constant P with Ny, =1, 5, 10, 20, 30 and 40 pulses, corresponding to different photoreaction times
equal to 1, 5, 10, 20, 30 and 40 s.

Optical Spectroscopy: For optical spectroscopy measurements we used a combined micro-
Reflectivity/u-PL setup. A Mitutoyo 50x (NA:0.42, f=200mm) lens was used to focus the
excitation beam, down to ~lum size, onto the sample, which is placed inside continuous-flow
cryostat (ST500, Jannis). The position of the sample is controlled with a XYZ mechanical
translation stage (PT3, Thorlabs) and the excitation procedure is continuously monitored and
controlled via a CCD optical setup. Following the excitation, the emitted PL signal passes through
a long pass filter to eliminate the emission of the laser. The same optical setup can be easily
modified by flipping the mirrors of the uPL configuration, allowing the aligned super continuum
light (360nm - 2600nm) of a stabilized tungsten-halogen source (SL201L, Thorlabs), to pass
through an iris and follow the same optical path. The diameter of the white light spot size on the
sample was approximately 3um. In a typical experiment, the electronic transitions of 1L-WS; were
probed with the broadband light and the reflected signal that follows the backscattering geometry
was measured. However, because the flakes are atomically thin and placed on Si0,/Si substrate,
the reflected light spectra included the illumination source profile, the sample transmission and
absorption, the substrate reflection and absorption, and resonant effects due to the thickness of the
SiO,. To distinguish the contribution from the 1L-WS», we take the difference between the
intensity measured from the monolayer, /,,, and from the substrate just off the monolayer, I,;;, and
normalize to the intensity from the substrate, AR=(1,,-1,5)/1 .

Raman Spectroscopy: Raman spectroscopy of the samples was performed, under 473 nm
excitation in ambient conditions (Thermo Scientific). During measurements, the laser power was
kept below 1 mW to avoid heating and thus possible damage the samples. The Raman emission
was collected in a back scattering geometry, using a 100X objective at room temperature.

X-ray Photoelectron (XPS) and Scanning Auger Microscopy (SAM): The X-ray Photoelectron
Spectra (XPS) and the Scanning Auger Microscopy (SAM) images were acquired in a KRATOS
Axis Ultra DLD system equipped with a monochromated AlKa X-ray source, a Field Emission
Gun (FEG), a hemispherical sector electron analyzer and a multichannel electron detector. The
XPS measurements were acquired using 20 eV pass energy providing a full-width at half
maximum (FWHM) less than 500 meV for the Ag-3d°? peak. The spot size used to acquire the
XPS spectra was 15 um. External charging effects (due to emission of photoelectrons) were
considered and excluded from the spectra using the C-/s peak of the adventitious Carbon on the
surface of the samples.
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