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1. MATERIAL CHARACTERIZATION
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Figure S 1 high resolution transmission electron microscopy image of WSSe monolayer flakes with 1T’ phase
and various Se content.
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2. Electronic structure measurements

X-ray photoemission measurements (XPS): For photoemission, we use an epitaxial graphene
substrate where graphene is obtained on the top of a SiC substrate.! Graphene is conductive which
reduce sample charging effect, while the low density of state at the Fermi level makes that no
parasitic signal from the substrate is observed when acquiring the signal relative to the valence
band. The sample solution was drop-casted onto this substrate and then natively dried in air. Finally,
the sample was rinsed in methanol for 30 sec.

Photoemission spectra were collected on a SPECS PHOIBOS 100-1D-DLD X-ray photoelectron
spectrometer, using a monochromated Al K, (hv=1486.6 eV) radiation source having a 200 W
electron beam power. The XPS spectra are collected at pass energy of 20 eV. Valence band and
secondary electron cut-off are collected at pass energy of 2 eV using an He lamp emitting at
hv=21.22 eV. Data acquisition for the cut-off is conducted while the sample is biased to -10 V.
Photoelectrons are analyzed at a takeoff angle of 90° under ultrahigh vacuum (10-¢ Pa).

Additional photoemission measurements have been conducted on the Tempo beamline of
synchrotron Soleil. Samples were introduced in the preparation chamber and degassed until
vacuum below 10-° mbar is reached. Then samples were introduced in the analysis chamber. The
signal was acquired onto a MBS A-1 photoelectron analyzer equipped with a delay line detector
developed by Elettra.2 Acquisition was done at constant pass energy (50 eV) within the detector.
Photons energy of 60 eV was used for acquisition of valence band while a 340 eV photon energy
was used for the analysis of the core level and cut off of the secondary electron. Data acquisition

for the cut-off is conducted while the sample is biased under -18 V.
15 : : : : :

151° elperiment
s 5 [Eo=ene it
g R
gl 5 W(Sl-xsex)z q
o S d b
& o "
x >

31 o

¢
s
> O o
:

38 3/ 33 30 38 3/ 33 30
d. Binding energy (V) Binding energy (eV)
" o expenment i 5 -
_ [+ X pernment
=2l vt = —~ 124
S | ueseine o
T | ¢t 5 9
S 21W(Sy.,Sey), ¢ >
o g1 [
%) - ; 8
P X=0.38 ®
x =3
3

T T T T
39 36 33 30

inding Energy (V) d

T T
22 20
o] pele

39 36
Binding energy (V)

Figure S 2 Photoemission spectra relative to the WA4f state for a thin film made of WSSe monolayers of 1T’
phase at various Se content.
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Figure S 3a. Photoemission spectrum relative to the S 2p state (and Se3p) of WS, 3sSeq.6> monolayer flakes

with 1T’s phase. b. Photoemission spectrum relative to the Se 3d state of WS, 3sSeq 6> monolayer flakes with
1T’s phase.
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Figure S 4 a-d Photoemission spectrum relative to the cut-off of the secondary electrons for a thin film made
of WSSe monolayers of 1T’ phase at various Se content. b. Photoemission spectrum relative to the valence

band for a thin film made of WSSe monolayers of 1T’ phase at various Se content.
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3. DENSITY FUNCTIONAL THEORY (DFT) SIMULATION:

3.1. Computational details:

First principles calculations were performed using the plane-wave pseudopotential method as
implemented in the Quantum ESPRESSO package®*. We employed norm-conserving
pseudopotentials for all atomic species, with an energy cut-off for the valence wave-function of 60
Ry. Electronic band structure and energetics for identification of the most stable doped structure
were obtained through Perdew-Burke-Ernzerhof (PBE)® exchange-correlation functional. Raman
spectra were computed in the Local Density Approximation (LDA) by optimizing the crystal structure.
The tendency of LDA to overbind leads to a somewhat better agreement with experiments although
no significant differences are found in the PBE and LDA Raman active frequencies. We checked
that total energy differences per W atoms were preserved when using either PBE or LDA and details
can be found below.

The Brillouin-zone integration in the 2 x 1 supercell is performed on a uniform grid of 30 x 60 x 1 k-
points and a first-order Methfessel-Paxton® smearing of 0.001 Ry: these parameters assure
convergence of both total energy per W atom and vibrational frequencies at the center of the Brillouin
zone. For larger supercell, the number of k-points is then reduced according to their size.
Freestanding monolayers are modelled with =12 A of vacuum between adjacent layers in the
supercell and truncating the Coulomb potential along the non-periodic direction. *

Spin-orbit coupling (SOC) effects on the electronic dispersion are also taken into account by
performing non-collinear calculations with the aid of ultrasoft and fully-relativistic pseudopotentials,
with cutoffs of 60 Ry and 480 Ry for the electronic wave-function and electronic density respectively
together with a uniform grid of 30 x 60 x 1 k-points and a first-order Methfessel-Paxton” smearing
of 0.001 Ry in the 2 x 1 supercell. As it can be seen from Figure S 5, SOC is responsible for the
topological band gap opening.
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Figure S 5 Simulated band structure of the 1T’ phase of WS, with and without spin orbit coupling
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3.2. Doping in the supercell structure:

The unit cell of 1T-WS, is a 2 x 1 supercell containing 2 W and 4 S atoms. In order to simulate
doping with variable Se content in W(S.,Sey),, we substituted x S atoms with Se ones in the 2 x 1,
2x 2,4 x1and4 x 2 supercells accordingly. More specifically, for a given value of x we computed
the total energy of all possible non-equivalent permutations of both S and Se atoms after having
relaxed lattice parameters and atomic positions. In order to select the optimal structure, we chose
the most favorable one by comparing the total energy per W atom in the unit cell, as shown below.
For each doping, the corresponding electronic dispersion relation is labelled as “ordered”.

3.3. Doping in the Virtual Crystal Approximation (VCA):

The Virtual Crystal Approximation (VCA)2 allows us to probe the possibility of having a disordered
system upon doping by assuming that on each doped site there is a virtual atom whose chemical
nature interpolates between that of the actual components. More precisely, we considered the 2 x
1 supercell of 1T’-WS, and we substituted each S atom with a virtual one, whose pseudopotential
has been obtained by interpolating between (1-x)% of S and x% of Se pseudopotentials in order to
simulate the W(S14Sey). system. For each doping, the corresponding electronic dispersion relation
is labelled as “disordered”.
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3.4. Energetic and electronic structure:

3.4.1. W(S1,Se,),, x = 0.38:
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Figure S 6(a) Total energy per W atom for different unit cells (4x1 and 2x2) and for different positions of the
S and Se atoms. The lowest energetic configuration is set to 0 meV and corresponds to 2x2 — f. All the
structures and atomic positions have been relaxed via the PBE exchange-correlation functional, as well as
the energy computation; (b) Ball-and-stick model of the most energetically favored configuration. Grey,
magenta and green spheres correspond respectively to W, S and Se atoms; (c) Electronic dispersion relation
of WS, 6,Seq 3s. Black solid line corresponds to the ordered 2x2 — f configuration, i.e. the most stable one
obtained introducing Se atoms according to the doping. Blue dashed line corresponds to the disordered 2x1
configuration, i.e. doping is simulated in virtual crystal by introducing fictitious atoms in the 2x1 unit cell.
Electronic band structure has also been computed via the PBE exchange-correlation functional. (d) Simulated
band structure of the 1T’ phase of WS, 3sSe 6> for the ordered structure with and without spin orbit coupling.
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3.4.2. W(S1.xSey), x =0.50:
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Figure S 7(a) Total energy per W atom for different unit cells (2x1, 4x1, 2x2 and 4x2) and for different positions
of the S and Se atoms. The lowest energetic configuration is set to 0 meV and corresponds to 2x1 — c. All
the structures and atomic positions have been relaxed via the PBE exchange-correlation functional, as well
as the energy computation; (b) Ball-and-stick model of the most energetically favored configuration. Grey,
magenta and green spheres correspond respectively to W, S and Se atoms; (c) Electronic dispersion relation
of WS, .50Se¢.50. Black solid line corresponds to the ordered 2x1 — ¢ configuration, i.e. the most stable one
obtained introducing Se atoms according to the doping. Blue dashed line corresponds to the disordered 2x1
configuration, i.e. doping is simulated in virtual crystal by introducing fictitious atoms in the 2x1 unit cell.
Electronic band structure has also been computed via the PBE exchange-correlation functional. (d) Simulated
band structure of the 1T’ phase of WS, 5Sey 5 for the ordered structure with and without spin orbit coupling
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3.4.3. W(S;.,Sey) x = 0.62:
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Figure S 8(a) Total energy per W atom for different unit cells (4x1 and 2x2) and for different positions of the
S and Se atoms. The lowest energetic configuration is set to 0 meV and corresponds to 4x1 — f. All the
structures and atomic positions have been relaxed via the PBE exchange-correlation functional, as well as
the energy computation; (b) Ball-and-stick model of the most energetically favored configuration. Grey,
magenta and green spheres correspond respectively to W, S and Se atoms; (c) Electronic dispersion relation
of WS, 3sSe .. Black solid line corresponds to the ordered 4x1 — f configuration, i.e. the most stable one
obtained introducing Se atoms according to the doping. Blue dashed line corresponds to the disordered 2x1
configuration, i.e. doping is simulated in virtual crystal by introducing fictitious atoms in the 2x1 unit cell.
Electronic band structure has also been computed via the PBE exchange-correlation functional. (d) Simulated
band structure of the 1T phase of WS, 3sSe 6> for the ordered structure with and without spin orbit coupling

S10



3.5.LDA vs PBE Energetic:

Table S 1 Energy difference between the highest and the lowest ordered configuration as a function of doping
x for both the LDA and PBE exchange-correlation functional. More precisely, given a doping x, the energy
difference is defined as: AE, = E{™ — E(, where E{) and E() are respectively the highest and lowest total

energy per W atom for doping x.

FUNCTIONAL AE0_33 (meV) AEO_50 (meV) AEo_Gz (meV)
LDA 93.12 97.39 112.26
PBE 91.86 95.57 112.13

3.6. Vibrational simulation:
The LDA exchange-correlation potential has been chosen in order to best reproduce experimental results for

pristine 1T°-WS,. The height of the peaks does not correspond to the actual Raman intensities, they are just
placeholders for identifying the Raman active modes.
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Figure S 9 Ab-initio Raman spectra computed via the LDA exchange-correlation functional for W(S;,Se,)»,
after having relaxed the crystal structure. Undoped correspond to x = 0, while 38%, 50% and 62% Se
correspond to x=0.38, x=0.50 and x=62 respectively. Raman spectra are computed for the ordered structures.
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Figure S 10 Experimental (thick grey line) and simulated (grey histogram for the ordered phase and cyan for
the disordered phase) Raman spectra for 1T’ phase of WS, 33Se 62

4. ELECTRONIC TRANSPORT

In the main text we have plotted th temperature depedence of the current as a function of T-0-5, which
correspond to Efros-Shklovskii’s model. here we provide other scaling, such as T-0-25 (Mott’'s model)
and T-933 (expected scaling in a purely 2D hopping)
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Figure S 11 a. Current as a function of temperature for WSSe monolayer flakes with 1T’s phase with various
Se content. The dashed lines are obtained using Mott’s fit with the following expression-

o exp(— (T w!T )1/4). b. Same set of data where the temperature is this time plotted with T3 scaling.
Dashed lines are single exponential fit.
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