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Abstract
Despite the van der Waals (vdW) surfaces are usually chemically inert, we introduce an un-

destructive, scalable and reversible redox reactions on the vdW surfaces of two-dimensional
(2D) anisotropic semiconductors ReX> (X=S or Se) facilitated by simple photochemistry.
Ultraviolet (UV) light (with humid) and laser exposure can reversibly oxidize and reduce

rhenium disulfide (ReS2) and rhenium diselenide (ReSe»), respectively, yielding pronounced
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doping effect with good control. Evidenced by Raman spectroscopy, dynamic force microscopy
(DFM), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS)
the grafting and removal of covalently functionalized oxygen groups on the perfect vdW
surfaces has been confirmed. The optical and electrical properties can be thereby reversibly
tunable in wide ranges. Such optical direct-writing and rewritable capability via
solvent/contaminant-free approach for chemical doping is compelling in the coming era of 2D
materials.

Main Text

Doping is the key for tuning the properties of semiconductors. The recent emergence of two-
dimensional (2D) materials,'!! such as graphene and transition metal dichalcogenides (TMDs)
can potentially revolutionize future electronics. While excellent in stability, flexibility,
sensitivity and carrier mobility for these 2D materials, due to the chemical inertness of van der
Waals (vdW) surfaces, lack of chemical doping on demand is currently impeding the
technological development.[?! The alternative electrostatic,’*! or ionic liquid gating,*! methods
have drawbacks in lifetime or scaling.’! The present chemical doping in 2D materials,!®
predominantly enrolled defects, potentially hampering the stability and reproducibility.

Since the surge of tremendous interests in 2D materials, different techniques especially the
chemical vapor deposition (CVD) have been proposed for the large-scale synthesis.!”]
Particularly, successful realization of various in-plane or vertical 2D heterostructures and alloys
have well shown the rapid development towards the ultimate atomic-scale design and
constructions.[®) Some works have also reported phase engineering on the polymorphic 2D
materials, [¥] which are of great potentials for integrable and rewritable electronics and memory
device. However, in the perspective of most electronic or optoelectronic applications, precise
n- or p- type doping at controllable locations in semiconductors is indispensable for device
fabrication. In this connection, possibilities have been opened up for the post-synthesis

chemical doping,”! or functionalizations in several 2D materials.!'’) Owing to the ultrathin
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thickness and the reactive nature at defect sites in 2D materials, lack of control and stability
become major challenges for the doping in 2D materials.['!]

Defect functionalizations in graphene,”®’ molybdenum disulfide (Mo0S2),!'”! or other 2D
materials,"! ' usually mean severe and irreversible degradation in structures and performances.
Thus far, except for the hydrogenated graphene,'? homogeneous direct covalent
functionalization of dopant atoms on the perfect vdW surfaces of 2D materials has not been
reported. Compared with the gapless graphene, controllable chemical doping for 2D
semiconductors such as TMDs is even more demanding. Here we found the 2D semiconductors
such as rhenium disulfide (ReS;) and rhenium diselenide (ReSe:), can be reversibly oxidized
and reduced via covalent oxidation/reduction on vdW surface without generation/participation
of atomic defects, yielding a highly scalable and industrially compatible chemical doping
technology for 2D materials.

As members of TMD of the VIIB group materials, an extra electron results in distortion
coordination to make ReS> and ReSe> stable with tetragonal (1T°) structure and endows
anisotropy.['*) Here, monolayer (1L) flakes of ReS> and ReSe» are grown via the atmospheric
CVD system,!'¥ and transferred onto 300 nm SiO./Si substrate assisted by Poly (methyl
methacrylate) (PMMA) (see Experimental Section).

First, we demonstrate the pristine 1L-ReS» can be reversibly oxidized and reduced via UV
exposure and laser (633 nm) treatments, respectively (scheme shown in Figure 1a, see
Experimental Section). Since the bi-stable pristine/oxidized 1L-ReS,, we can further
demonstrate the UV and laser exposure can be used for local patterning of the pristine/oxidized
zones in 1L-ReS; at will, such as the nano “REDOX” pattern of pristine 1L-ReS> embedded in
the oxidized 1L-ReS> (Figures 1b,c and S1). A series of Raman modes of 1L-ReS; in the range
of 110 ~ 450 cm™ are obtained under 30 s, 90 s, 180 s UV treatment followed by stepwise laser
irradiation (Figure 1d). The Raman peak intensity drops dramatically and blue-shifts after

sequential UV treatment, then reversed to the pristine peak intensity and position after further
3



WILEY-VCH

laser irradiation. The evolving normalized Raman intensity, peak shift and intensity ratio (mode
I at 153 cm™ /mode II at 163 cm™) during a few cycles of UV-laser treatments are depicted in
Figure le, extracted from fitted Raman peaks (see Figures S2 and S3). The 180 s UV treatment
in our condition is able to cause the Raman intensities drop by 29% and 72% for mode I and II
peaks, respectively, likewise, blue shift at 4.2 cm™ and 5.3 cm™ are triggered for mode I and II,
respectively. The following laser irradiation (60 s) after UV treatment on the samples can
completely recover the UV induced changes (Figure 1e).

The effects from specific conditions of UV and laser treatments, including the processing
time, laser power and excitation wavelength are summarized in Figures S4-S7. Initially, there
is no Raman enhancement on pristine ReS; under long time laser irradiation (633 nm, 6.11 mW),
as shown in Figure S4. Futhermore, the recovery rate of Raman intenisty is proportional to the
laser power (sees Figure S6) during UV/laser treatments. In addition, the reversible rate under
514 nm laser (0.54 mW) irradiation is 6.7-fold than that of under 633 nm laser (0.57 mW) as
shown in Figure S7. Besides, we also investigate the transfer influence, substrate effect, the
humidity dependences and thermal effect on Raman intensity reversibility of ReS; (see Figures
S8-S12). The 1L-ReS; transferred on the 300 nm SiO,/Si substrate and the fluorophlogopite
mica substrate have similar recovery rate. During transfer process, the coupling between as-
grown materials and substrates are released.['! It results in the improvement of reversible
doping performance on transferred ReS> comparing with as-grown ReS». Furthermore, the
substrate effects mainly influence the optical (UV) reflection and adsorption of the ReS». After
180 s UV treatment, the Raman intensity at peak II of ReS; transferred onto Si0,/Si substrate
reduced to 3% of pristine, which suggests the ReS, on SiO»/Si substrate suffered stronger
oxidation (see Figure S9). It is attributed to the stronger optical reflection of Si0,/Si substrate
than the transparent fluoroplogopite mica substrate.l'! There are more oxygen radicals
generated on the surface of ReS,/Si0, during UV treatment. Further investigation shows that

the humid level plays an imperative role in the oxidation degree of ReS,. As shown in Figure
4
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S10, the higher humid level results in heavier oxidation on the ReS; surface, denser of wrinkles
and more reduction of Raman intensity. However, the recovery rate of Raman intensity does
not be influenced by the humid level. Importantly, the UV-thermal annealing treatments are
applied to investigate the thermal effect on Raman intensity reversibility (details in Figures S11
and S12). In fact, the thermal annealing (1st time) is efficient to restore the Raman intensity of
UV treated ReS,. The Raman intensity of UV treated ReS; is 100% recovered by thermal
annealing (1st time). However, the Raman intensity is only recovered to 75% of pristine Raman
intensity then starts to drop using thermal annealing whereas it is recovered to pristine intensity
using laser irradiation after 180 s UV treatment (2nd time) (sees Figure S12). Overall, all of the
as-grown and transferred ReS, exhibit the Raman intensity reversibility under UV treatment
with variable humid level (30% ~ 80%) and laser irradiation with different wavelength and
power. Additionally, the ReS, transferred onto SiO, wafer has the best reversibility. Likewise,
a similar reversible oxidation/reduction effect by UV and laser treatments is also found in 1L-
ReSe; (Figures 1f and S13-S15).

The undergoing structural changes related to Raman results above are unveiled by our DFM
and TEM characterizations (see Experimental Section). In DFM topography images, the
thickness of 1L-ReS; increases from 0.9 nm to 1.3 nm, and patterned wrinkles (few-hundred
nm apart) with local height around 2.5 nm is formed after 180 s UV treatment (Figure 2a, b).
After the following laser treatment, the wrinkles are barely seen (Figure 2c). Detailed
topographic evolution and height profiles are provided in Figure S16. The surface roughness
(RMYS) is raised continuously during the 180 s UV treatment, and then drops after 60 s laser
irradiation and fluctuates with 0.1 nm until the second period of UV treatment (Figure 2d). The
wrinkle formation and relaxation imply the in-plane compressive strain after UV exposure and
the release of strain after laser exposure. As a comparison, the thermal annealing is applied on
UV treated 1L-ReS; to study the restore of the morphology by thermal effect (results as shown

in Figures S17 and S18). As shown in Figure S18, the thickness of the flake decreases 0.1 nm,
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the height of wrinkles reduces 0.5 nm and the width of wrinkles broadens 50 nm after thermal
annealing (1st time). Correlated with the Raman intensity evolution, the Raman intensity is
fully recovered by thermal annealing (1st time) whereas the morphology only restores slightly,
which indicates the thermal annealing is not an efficient way to restore the morphology. In
addition, the thickness of ReS» keeps at 1.0 nm at the following UV-thermal annealing
treatments and the height of wrinkles decreases to 2.2 nm by thermal annealing (2nd time). The
roughness (RMS) increases by UV treatment whereas keeps after thermal annealing. Differently,
the wrinkles are flattened, the thickness of flake increases and roughness decreases using laser
irradiation. Importantly, there are 0.8 nm deep cracks generated on the overall ReS; flake at the
second UV-thermal annealing circle (sees Figure S18) meanwhile the Raman intensity starts to
drop (sees Figure S12). As far as concerned, the laser irradiation is an efficient and non-
destructive approach to release of wrinkles and strain.

Down to the atomic scale, high resolution scanning (S)TEM, energy dispersive spectroscopy
(EDS) and electron energy loss spectroscopy (EELS) characterizations are employed. By EDS,
we observe the oxygen content ramps steeply with the stable sulphur content after 180 s UV
treatment (Figure 2e). EELS analysis on the original and UV treated 1L-ReS> show traces of
oxygen and significant chemical shift in the S L edges caused by oxidation after UV treatment,
corresponding to the formation of S-O bonding (Figure 2f). While the high resolution annular
dark field (ADF) results (Figure 2g, h) exhibits no apparent structural changes in the 1L-ReS:
after 180 s UV treatment, analysis in reciprocal space on the pristine and post-UV treatment
samples show stark differences in intensities of reflexes corresponding to the T’ phase
superlattice structures (reflexes closest to origin) (Figure 21, j). The reflexes in certain direction
disappear after UV treatment, suggesting clear perturbations on the lattice periodicity by local
bond distortions. The high resolution HAADF image (Figure 2k, 1) analysis also renders similar
conclusions that atomic distances in some locations are disturbed by the UV treatment (Figure

2m).
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The UV (185 nm and 254 nm) light is known to be able to dissociate the moisture water and
create abundant radicals through series of photochemical reactions (see Experimental
Section).['”! According to our density functional theory (DFT) simulations, atomic structures of
1L-ReS; can be slightly distorted with the exotic covalently-bonded surface oxygen
atoms(Figure 3a), in coincident with the above TEM results. After oxidation, two of the four
crystallographically distinct S atoms in one unit cell in 1L-ReS» can have bonding lengths much
shorter than the standard S-O bond, close to the S=O bond length (Figure S19), exhibiting the
exceptional stability of such new bonds. The binding energy of S-O bond at 166.4 ¢V and
adsorbed oxygen signal at 530.9 eV are evidenced using XPS at S 2p region and O 1s region,
respectively (see Figure S20).[" The ratio of S-O bond over S 2pi,2 and S 2ps2 reduces ~ 4%
after laser irradiation on ~ 1% area of ReS> which indicates the recovered doping effect. The
excess electron in ReS> and ReSe» possibly renders the stronger oxygen affinity as compared
to the electron-equilibrium counterpart like MoS,. The textured wrinkles after UV exposure can
be attributed to the expansion of basal plane lattice (up to ca. 2% along both a and b directions)
(Figure 3b) after oxygen/hydroxyl functionalization. The formation energies for the oxygen and
hydroxyl functionalization are 1.75 and 2.42 eV by DFT calculation, respectively, suggesting
the oxidized products (Figure 3a, b) especially the hydroxyl groups on 1L-ReS» are robust
against the ambient condition as compared to Pt (111) surface.l'”! It is also interesting that the
oxygen group is more stable than hydroxyl group on 1L-ReS,, opposite to many other inorganic
surfaces.*"

Such stable vdW surface oxidation can be clearly observed in 1L-ReS; and 1L-ReSe»,
however absent in 1L-MoS» and graphene with our experimental conditions, where the defects
are involved./?!! In MoS,, the oxygen radicals could easily generate S vacancies instead of S-O
bonding formation. Our DFT result shows the S vacancy formation energy of 1L-MoS; (-3.25
eV) is lower than that of 1L-ReS> (-2.55 eV), thus more likely to form vacancies during UV

treatment in 1L-MoS; (see Figures S21 and S22), precluding the similar vdW surface oxidation
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in MoS,. DFT calculations also give the electronic structures of the products (Figure S23),
showing new doping levels introduced by the acceptor dopants of oxygen. Depending on the
original carrier types (n type mainly, see the electrical transport properties measurement results
in Figure 4), the vdW surface oxidation by UV treatment can lead to either depletion of majority
carriers (electrons) or hole injection, equal to p-doping in 1L-ReS,. In opposite, the reduction
or removal of oxygen groups by laser treatment conversely yields n-doping.

Therefore, it can be rationalized that Raman intensity reduction and blue shifts of peak I and
I1 by UV exposure in 1L-ReS; is owing to the increased lattice disordering due to oxidation.?!
The increase of height (or layer thickness) after UV exposure by topography DFM is in line
with the vdW surface grafting of functionalized groups. It is also shown by our technique that
removal of oxygen functional groups on the 1L-ReS; surfaces can be controlled by laser
annealing. Eventually, all the oxygen groups formed by UV can be removed by laser treatment
and intrinsic 2D ReS; is restored. After the compressive strain in layer by oxidation is released
by the laser annealing treatment, flat surfaces are recovered. The average flake height increase
(not roughness) after laser treatment compared to pristine is possibly attributed to the flake
delamination effect.[*’] Using this UV-laser combined approach, we can easily pattern p-/n-
doping zones using the pristine/oxidized 1L-ReS, with sub-um precision (Figure 1b, c),
exhibiting the great potential of this technique for device fabrication.

In light of the doping effects of surface covalent bonding, here we show two examples of
application, the photochemical modulation on the photoluminescence (PL) property and
electrical transport property in field effect transistor (FET) devices made of 1L-ReS,. The PL
results are presented in Figure 3c, while the PL evolution upon UV-laser treatments is
summarized in Figure 3d (data extracted from Figure S24). Notably, the intensity decreases
dramatically by 81% after the first cycle of UV treatment and then reversed to the pristine
intensity (100%) after 60 s laser irradiation. The PL spectra are fitted using Lorentz curves, the

bandgap exciton (A) and trion (A") for 1L-ReS; are responsible for the intrinsic PL emission.!**!
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The reduction of PL intensity after UV treatment coincides with the p type doping effect and
depletion of majority carriers in oxidized 1L-ReS>.

Furthermore, we fabricated series of FET devices and sequentially tested the transport
properties of pristine, UV oxidized and laser treated 1L-ReS, FET devices (Figure 4a, transfer
curve shown in Figure 4b and output curve shown in Figure 4c). The performance changes of
the FET devices upon 90 s UV and 60 s laser (633 nm, 0.57 mW) treatments are fully in
agreement with the previously discussed p-doping effect by UV exposure and reverse to n-
doping effect by the following laser annealing treatments. On average, the on-state channel
current drops by 1-2 orders of magnitude after UV treatment compared with the pristine devices.

The on-off ratio of the FETSs increases from around 3 X 10> to over 10* after UV treatment. All

the pristine devices showed n type doping behavior, thus the UV exposure (p-type doping)
significantly reduces the carrier density, and the carrier mobility is dramatically decreased by
70-80% after UV oxidation due to the enhanced scattering by dopant atoms. After the following
stepwise laser annealing on the channels, eventually all the carrier density, on-off ratio, mobility
and threshold voltage can be brought back to the pristine states (Figure 4d). Tables S1-S3 have
summarized the FET device measurements on the 1L-ReS, samples. The full FET device results
and associated Raman spectroscopy results for the 1L ReS> channel in FET devices are shown
in Figures S25-S30. In addition, if the UV treatment time is elongated from 90s to 180s, the
apparent ambipolar transport behavior in the 1L-ReS; FET can be observed (see Figure S31),
caused by the heavier p-doping under long time UV exposure. The observed reversible
modulation on the electrical transport in these FET devices completely corroborated the
aforementioned photochemical doping mechanisms.

In conclusion, we reported a reversible and robust chemical doping technique via direct vdW
surface oxidation and reduction facilitated by simple UV and laser treatments on 2D anisotropic
semiconductors, such as ReS> and ReSe». This photochemical approach without atomic defects

involved are highly controllable and can effectively modulate the electrical, optical and
9
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chemical properties in these 2D semiconductors. Moreover, the oxidized surfaces can facilitate
further epi-layering, enriching the device structures. The successful chemical activation of vdW
surfaces without atomic defects will also provide opportunities for further chemical
functionalizations and relevant electrochemical applications. Therefore, this new strategy,
which is entirely compatible with the current semiconductor industry, paves new way for the

future designing and scaling of 2D devices.

Experimental Section
Synthesis of rhenium disulphide (ReS>), rhenium diselenide (ReSez) and molybdenum
disulphide (MoS>): The monolayer (1L) ReS,, ReSe; and MoS» are grown using the atmospheric
chemical vapour deposition (CVD) system. Ammonium perrhenate (NHsReO4) (Aldrich,
99.999%) and sulphur powder (Aldrich, 99.998%) with weight ratio 1 : 50, NH4ReO4 and
selenium pellets (Aldrich, > 99.99%) with weight ratio 1 : 10, sodium molybdate
(NazMo0O4-2H>0) (Aldrich, > 98%) and sulphur powder with weight ratio 1 : 2 are used as ReS»,
ReSe; and MoS; growth precursors, respectively. The precursor of metal and chalcogen are put
in two quartz boats separately. A two-heating-zone splitting tubular furnace is used to control
the temperature accurately at chalcogen precursor zone and metal precursor zone separately.

The fluorophlogopite mica and c-face sapphire substrates are applied to grow ReS; and ReSe;.
The 300 nm SiO/Si substrates are used to grow MoS,. The newly exfoliated surface of
fluorophlogopite mica, polished surface of c-face sapphire and 300 nm SiO»/Si face to the metal
precursor and located on downstream heating zone. The chalcogen precursor is set on the
upstream heating zone.

Prior to the temperature ramping up, argon (300 sccm) gas is purged through the quartz tube
for 10 minutes. During the deposition process, argon gas (80 sccm) is as the carrier gas to
transport chalcogen vapour to the substrate location. 2 sccm H» gas mixed with argon gas is

injected during ReSe, growth. The upstream heating zone is ramped to 200 °C and 400 °C for
10
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sulphur powder and selenium pellets, respectively. Meanwhile, the downstream heating-zone
reached 800 °C for ReS, and MoS; growth and 650 °C for ReSe; growth in 30 minutes and then
held for 10 minutes. Upon completion of the temperature program, the chamber lid is opened

immediately to achieve rapid cooling.

Synthesis of graphene:The 1L graphene is synthesized on copper foil using the atmospheric
CVD system at 1097 °C. The mixed gas of Hz: Ar: CHs= 50: 1000: 5.5 is used. The copper foil
is annealed at 1075 °C for 12 hours and subsequently processed the mechanical chemical
polishing as substrate pre-treatment. The rapid cooling is applied to graphene synthesis as well.
Transfer of CVD ReS:> and graphene:The wet transfer is applied to transfer CVD grown ReS»
on fluorophlogopite mica onto a TEM grid and 300 nm SiO2/Si in this work. Initially, liquid
Poly (methyl methacrylate) (PMMA) is dropped and spin-coated on the as-grown 1L-
ReSz/mica (3000 r.p.m., 50 seconds). After PMMA curing under room temperature, it forms
PMMA thin film on the surface of ReS; flakes (PMMA/ReS>). Subsequently, the PMMA/ReS>
film detaches from mica substrate by emerging in 75 °C ultrapure water for one hour. Next, a
1 cm x 1 cm SiO»/Si substrate with 300 nm thick silicon oxide layer or Quantifoil ™ TEM grid
is used to scoop out the floating PMMA/ ReS> layer. After PMMA/ReS: drying and attaching
totally on the target substrates at room temperature, the acetone is introduced to remove PMMA
film on Si0O»/Si and the acetone evaporation is used to get rid of the PMMA on TEM grid.

The CVD grown graphene on copper foil (graphene/Cu) is transferred onto 300 nm Si0,/Si
substrates assisted by wet transfer. The graphene/Cu is spin-coated with PMMA firstly then
dipped in the Cu etching solution (FeClz/HCI, Sigma) for 30 minutes to etch away the Cu foil.
Next, the PMMA/graphene is scooped up and transferred into ultrapure water to remove the
etching solution for 10 minutes. Subsequently, the cleaned 300 nm SiO,/Si substrate is used to
scoop out the PMMA/graphene film. Upon the film drying and attaching on the substrate, the

acetone is applied to remove PMMA.
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Ultraviolet (UV) treatment method:1L-ReS; flakes are placed in a chamber equipped with lamp
emission light at 254 nm and 10% 185 nm mixed wavelength. Via connecting with a humidifier
and N, gas injection, the humid level is controlled at 60% monitored by a hydro-thermometer
(accuracy + 3%). The UV treatment on 1L-ReS; is separated into three periods, the first period
accumulates by 30 s, 60 s, 90 s UV treatment, the second period lasts 120 s and the final period
keeps 150 s UV treatment. Radicals are generated under UV exposure and damp condition
given by:
302 — 203, O3 + H2O — H20; + O, 203 + H2 02 — 20H* + 302, H2O — OH* +H*.

In addition to 1L-ReS,, Figure S32 shows the results of UV treated 1L-graphene samples.
Laser irradiation: The laser irradiation is performed under the same system with Raman and
PL measurement. The laser spot is ~ 1 um diameter. The laser power is adjustable ranging from
0.007 mW to 6.11 mW. The laser at different wavelength is applied to perform the laser
irradiation. During laser irradiation experiment on ReS> and ReSe», the laser at wavelength of
633 nm is used. The laser at wavelength of 514 nm is applied to perform the laser irradiation
experiment on ReS>, MoS; and graphene.

Raman and photoluminescence (PL) spectra measurement. Raman spectra of ReS, and ReSe»

are measured with a commercial inVia confocal Raman instrument (Renishaw, UK) using the
excitation wavelength of 633 nm (0.57 mW), the Raman spectra of MoS; and graphene are
recorded using the excitation wavelength of 514 nm (0.54 mW) with a grating of 1800 g mm™'.
The spectra are obtained under 50 X lens (0.75 N.A.) with a laser spot diameter ~ 1 um. The
laser power is calibrated by a standard photodiode power sensor S121C (Thorlabs, USA). The
laser exposure time for every single spectrum is 10 s. The PL spectra of ReS; are recorded using
the excitation wavelength of 633 nm (0.57 mW). Subsequently, the Raman spectra are fitted

using Gaussian contributions.[*”! The PL spectra are fitted using Lorentz curves.

12
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The in situ Raman measurement is performed in the temperature control chamber (Linkam,
UK). The temperature ramping rate is controlled at 50 °C min™'. At the first UV-thermal
annealing circle, the 180 s UV (1st time) treated ReS, sample is annealed at 150 °C, 200 °C,
250 °C, 300 °C for 60 seconds. Subsequently, the ReS; is taken out to perform the 180 s UV
(2nd time) treatment. Next, the ReS; is annealed at 300 °C for 60 seconds, 120 seconds and 180
seconds. The Raman spectra are collected upon the chamber cooling down naturally to room
temperature.
Dynamic force microscopy (DFM) measurement.: The topography and phase images of pristine,
UV-treated, laser-irradiated 1L-ReS; are obtained by AFM5300E system (HITACHI, Japan) in
cyclic contact mode. The cyclic contact mode is to reduce the measurement influence on the
wrinkle morphologies comparing with contacting mode. The n-type silicon tip NSG30
(Tipsnano, Estonia) with Au coating on the reflective side is used.

During the DFM measurement, the cantilever would vertically oscillate and the phase lag is
detected which is relying on the size of adsorptive power.
Scanning transmission electron microscopy (STEM) and energy dispersive spectroscopy (EDS)
measurement: The STEM images of 1L-ReS» are performed by transmission electron
microscopy (TEM) (JEOL JEM-ARM200F) with a CEOS spherical (Cs) aberration (probe)
corrector. The aberration corrected STEM under 60 kV accelerating voltage is applied in this
work to improve the image resolution and prevent beam damage. Average background
subtracting filtering (ABSF) is applied to reduce the noise of STEM-ADF images. The probe
size is ca. 1.5 angstrom. The EDS is applied to measure the rhenium, sulphur, oxygen atomic
ratio. Each EDS spectra is acquired for 30 seconds. The EELS acquisition is completed with
the Gatan Quantum™ EELS, using the same acquisition conditions for the pristine and UV
treated samples, beam probe size ca. 1.5 angstrom, convergence angle 29 mrad, collection angle

35mrad and exposure time 2 s are applied.

13
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Density functional theory (DFT) simulations: Spin-polarized DFT calculations are performed

by using the Vienna ab initio Simulation Package (VASP) program package!?®! within the

projector augmented wave (PAW)"! to explore geometries and electronic properties of ReS..

The exchange-correlation interactions are described with the generalized gradient

approximation (GGA)* in the form of the Perdew, Burke, and Ernzernhof (PBE) functional.[*’]
The kinetic energy cutoff for the plane-wave basis set is chosen as 450 eV, and the distance of
the vacuum layer is set to be more than 15 A, which is sufficiently large to avoid interlayer

interactions. The electronic SCF tolerance is set to 107> eV. Fully relaxed geometries and lattice

constant are obtained by optimizing all atomic positions until the Hellmann—Feynman forces

are less than 0.02 eV Al. The k-points samplings with a gamma-centred Monkhorst-Pack

schemel®® are 12x12x1 for structural optimizations and 25%25x1 for the density of states (DOS)
calculations. The formation energies of O*, and OH* are calculated as reference H>O and Ha.

The Gibbs free energy change (AG) of O*, and OH* is evaluated by the following equation:

AG= AEprr + AEzpe - TAS. The reaction energy (AEprr) can be directly determined by

analyzing the DFT total energies. AEzpe and AS are the zero point energy difference and the

entropy difference between the adsorbed state and the gas phase obtained from previous

studies,!! and T is the room temperature (298.15 K).

X-ray photoelectron spectroscopy (XPS): XPS (VG ESCALAB 220i-XL) is performed using

an Al Ko X-ray with photons energies of 1486.6 eV working under a base vacuum lower than

10 Torr. The Re 4f, S 2p and O 1s peak data are collected to investigate the oxygen grafting/

removal on ReS; surface during UV and laser treatment.

Device fabrication: Initially, the CVD grown 1L-ReS> on fluorophlogopite mica is transferred

onto the 300 nm Si0O,/Si substrates using wet transfer. Next, the ReS> on SiO»/Si substrate is

spin-coated with methyl methacrylate (MMA) mica (4000 r.p.m., 50 seconds) and dried for 1

min at 160 °C on the hot plate. Subsequently, the PMMA is spin-coated on the MMA/ReS:

surface (4000 r.p.m., 50 seconds) and heat at 160 °C for 5 min on the hot plate. Next, the source
14
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and drain electrode pattern is defined using the electron beam lithography system (JEOL Model
JIB-4501+NPGS) on the PMMA/MMA/ReS, sample. The patterned sample is dipped volume
ratio of 7: 3 of isopropyl alcohol (IPA): H>O solution for 8 s as developing and subsequently
dipped in DI water for 10 s as fixing, followed by the electron beam evaporation (5 nm Cr and
50 nm Au) process. Finally, the device is obtained after lift-off in acetone.

Electrical transport Measurement: The measurement on devices is carried out in a lakeshore
probe station with Keithley 4200 SCS analyser under 10 torr vacuum. During measurement,
the heavily doped Si is used as the gate electrode. For the field effect transistor (FET) transfer
characteristic measurement, gate voltage varied from -60 V to 60 V with a step of 0.5 V, and
the source drain bias is fixed at 0.5 V, 1 V, 2V and 3 V, respectively. For the FET output
characteristic measurement, source drain voltage varies from -2 V to 2 V with a step of 0.05 V,
and gate voltage switched from -60 V to 60 V with a step of 10 V. All the measurement
conditions are fixed the same for pristine 1L-ReS» device, after 90 s UV treatment and after
three times of 60 s laser irradiation (633 nm, 0.57 mW).

Device analysis: Threshold voltage (Vi) is the inflection point voltage at which the filed-effect
transistor changes from the off state to the on state. In order to reduce the influence of parasitic
series resistance and mobility degradation, we employed the ratio method to calculate the Vin
in our case. We firstly plotted the ratio of source-drain current to the square root of the
transconductance (Iss/gm’) as a function of gate voltage (V,), then we extrapolated in the linear
region of the las/gm’>-V, curve, and the Vi, is the V, axis intercept value.*?

The field-effect electron mobility (p,) is calculated using equation:**!

L
Ue = WCoxVds X Im (1)

Where L, W, Cox, Vgs and g refer to channel length, channel width, capacitance of dielectric
layer, source-drain bias voltage and transconductance, respectively. Specifically, the

capacitance can be expressed as:

15
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Cox = —— (2)

1

In this equation, &, is the vacuum permittivity, and €, = 8.85 X 107F-m™1, ¢, is the

relative permittivity, and &,=3.9 for SiO, d refers to the thickness of SiO», and d=300 nm.

Additionally, gm represents the transconductance, and follows this formula:

_ dlgs

Im = av, 3)

In general, the carrier concentration of 2D atomic layers can be calculated by using the
parallel-plate capacitor model, and following the equation below:[*!]
Nap = CoxAV; /e 4)

Where e is the elementary charge, and AV, refers to the difference between gate voltage and
threshold voltage, which can be expressed as:
AV, = Vg =V 5)

In particular, this equation is applicable when Vy is larger than Vi,.

In our cases, we calculated the carrier concentration evolution of the ReS> devices at V=0

V, considering about the threshold voltage issue, we employed the differential form of ohm

theorem to roughly estimate the carrier concentration, the equation applied is:

g

eXUe

(6)

Where o is electrical conductivity.
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Figure 1. Reversible photochemistry on 1L-ReS> and 1L-ReSes. a) The schematic illustration
of UV treatment under moisture condition and laser irradiation process. b) The DFM phase
image of the laser irradiated “REDOX” pattern on 180 s UV treated 1L-ReS, grown on
fluorophlogopite mica. ¢) The Raman intensity mapping of peak I and II corresponding to the
laser irradiated pattern in (b). d) The Raman spectra of UV effect on ReS; and subsequent laser
effect. e, f) Time evolution of Raman peaks cycled UV exposure and laser irradiations of 1L-
ReS; on 300 nm SiO»/Si substrate and 1L.-ReSe; on c-face sapphire, respectively.
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Figure 2. Analysis of photochemical effect on 1L-ReS,. a-c) DFM topography images of
pristine, 180 s UV treated, laser line scanned 1L-ReS> on 300nm SiO»/Si substrate. d) The
height profiles corresponding to dash lines with arrow in a-c respectively. e) EDS statistics of
oxygen and sulphur atomic weight calibrated Re% pre- and post-UV treatment. f) EELS spectra
of pristine and post-UV 1L-ReS». g, h) The high-magnification HAADF STEM images of
pristine and post-UV treatment ReSa, respectively. Inset of (h) shows the low-magnification
STEM image of post-UV treatment 1L-ReS2 on carbon film of TEM grid. i, j) Fast Fourier
Transformed (FFT) reflexes for pristine and post-UV treatment 1L-ReS;, respectively. Dashed
circles in 1 highlighted the reflexes present in (i) but absent in (j). Insets showed the integrated
intensity profiles corresponding to dashed rectangles in (i) and (j), respectively. k, 1) Zoom-in
HAADF images in (g) and (h), respectively. m) Intensity profiles along white dashed lines in k
and 1, corresponding to pristine and UV treated sample. Peak-to-peak distances (unit: angstrom)
are shown for adjacent Re-Re pairing distances. Blue triangles highlighted large lattice distorted
positions.
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Figure 3. The DFT simulation results and PL evolutions. a) DFT Relaxed atomic structure in
vicinity of a grafted O atom (top view) is shown on the left. Red arrows marked the adjacent
Re atoms movement after oxidation. Red dashed circles highlighted the bonding contraction
pairs. The side views of oxygen (up) and hydroxyl (down) functionalized 1L-ReS; are shown
on the right. b) The calculated results of lattice expansion along a and b directions (basis vector
of 1L-ReS») by oxygen and hydroxyl functionalization, weight contents of oxygen shown in
brackets. The inset is the schematic of lattice expansion along a and b directions. c¢) Time
evolution of PL spectra of 1L-ReS; obtained by UV treatment and laser irradiation. d)
Normalized overall intensity (red curve), as well of peaks intensity, position and the full width
of half maximum of trion and exciton (blue and green curves) during UV exposure and laser
irradiation time.
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Figure 4. The tunable electrical transport properties by photochemical doping. a) The overview
DFM topography image of on 90 s UV treated 1L-ReS> device (left). The DFM topography
images of 60 s laser (633 nm, 0.57 mW) irradiated devices. (right) The locations of the first,
second and third laser-irradiated spots are marked by blue, purple and green dashed circles in
devices along the arrow directions, respectively. b) The transfer characteristic (Iss-Vg) curves at
Vas=3 V for device no.1 in a, inset shows the FET device structure. ¢) The output characteristic
(Ias-Vas) curves at V=60 V for device no.l in (a). d) The summarized carrier mobility and
carrier density dependent on the photochemical treatments. See Figures S28-S30 and Tables
S1-S3 for the full set of FET device results.
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