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In order to investigate the mechanisms of material modification under remote Hy plasma
exposure we carried out DFT simulations of H interaction with single layer WS,. Hydrogen
atoms can adsorb and diffuse on the WS, surface and eventually create S-vacancies via
HyS release. Here we discuss the most relevant surface processes identified by ab-initio

simulations.

I. SUPPLEMENTARY METHODS

Two DFT models of atomic H reactivity on WS, were compared in this study. Both mod-
els were based on the Perdew-Burke-Ernzerhof (PBE) [1] exchange-correlation functional
within the generalized gradient approximation (GGA), to which the first model applied
the Hubbard correction for strongly correlated systems (GGA-+U approach [2|) within a
plane wave basis set (DFT+U/PW model), whereas the second model employed the uncor-
rected PBE functional within a local atomic orbital basis (DFT/AO model). The nudged
elastic band (NEB) method [3| was applied to calculate energy barriers for the migration
and desorption of species in most cases. The DFT+U/PW simulations were carried out
with the Vienna Ab Initio Simulation Package (VASP)4 on “Lomonosov-2” supercomputer
of Lomonosov Moscow State University |4, 5|. Projector-augmented wave (PAW) [6] pseu-
dopotentials were used to describe the interaction between the core and valence electrons.
The model of the WS, monolayer consisted of 4 x 4 unit cells. Periodic boundary condi-
tions were applied, and in order to avoid interaction between periodic images, the vacuum
separation along the 7 direction was set to be 20 A. A plane wave basis set with 500 eV
energy cutoff was used, and the Brillouin zone was sampled by 6 x 6 x 1 k-points in ac-
cordance with the Monkhorst-Pack scheme. DFT/AO calculations were carried out using
the CP2K package in the mixed Gaussian & plane wave (GPW) formalism [7]. The valence
Kohn—Sham orbitals were expanded in a doubly polarized triple zeta basis set (m-TZV2P
[8]) in combination with GTH-type pseudopotentials for the core electrons [9]. The density
was represented with an auxiliary plane wave basis defined by a cutoff of 800 Ry. A larger
periodic WS, monolayer model of 6 x 6 unit cells was used, and periodicity along the Z
direction was removed through application of the Martyna—Tuckerman Poisson solver [10].

The calculation approach used for the [WS,+OCS| system is identical as the one used
for the [WSa+H]. Since both DFT+U/PW and DFT/AO models gave similar results on the
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[WSs+H], only the DET+U/PW was used for the [WSy+OCS]| calculations.

II. SUPPLEMENTARY DISCUSSION
A. DFT Simulation of H atoms interactions with WS,

The Supplementary Table I shows the most relevant reactions that are described in this
paragraph, together with associated activation energies calculated by the DFT+U/PW and
DFT/AO models (in the following discussion, for the sake of clarity, only energies calcu-
lated by the DFT+U/PW model are mentioned). Simulations predict that H atoms adsorb
preferentially on surface S atoms forming a surface SHg,, s group (reaction (1) in Table I).
Several possible adsorption sites were identified, but the so-called ‘tilted’ position, where
the adsorbed H atom is located near an S atom at the angle of 50° to the monolayer plane,
is energetically preferential (see Figure 1(a)). The adsorption energy for this site is 0.53 eV.
Under the remote hydrogen plasma conditions, adsorption of H atoms from the gas phase
and thermal desorption (reaction (2) in Table I) control the coverage of SHy,, s groups on the
surface. An adsorbed H atom can change its orientation or migrate along the WSy surface
(reaction (3) in Table I). The calculated activation barriers for the rotation of H around
the S atom above one of the adjacent W—S bonds and for migration between two S atoms
within the same unit cell are equal to 0.29 and 0.34 €V, respectively, i.e. well below the H
desorption barrier.

DFT simulations predict clustering of H atoms as the result of their migration along
the surface. When an H atom migrates from an existing SHy,,; group to another SHy,,
group, a surface HaS complex can be formed (reaction (4) in the Supplementary Table I).
An identical surface HyS complex is formed if an impinging H atom meets an SH,,, s group
(reaction (5) in the Supplementary Table I). The Supplementary Figure 1 illustrates the
energy diagram of this process. The HS;,,f complex can be released (with an activation
energy of E, = 0.66 ¢V) from the surface as a volatile HyS molecule leaving a sulphur va-
cancy behind (reaction (8)). A competing process occurs when two H atoms meet, forming a
gas-phase Hy(g) that extracts hydrogen from the surface without causing sulphur depletion
(reaction (9)). This process has, however, a lower barrier than the clustering of adjacent H

atoms into the HoSy,,r complex. Likewise, the HoS release, reaction (8), has a lower barrier
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TABLE I: Surface reactions relevant to WS, damage by atomic hydrogen and
corresponding activation energies. LH = Langmuir-Hinshelwood type of reaction; ER =
Eley-Rideal type of reaction. Compared DFT models: +U/PW and AO (see body text).

Activation energies are expressed in eV.

Process Reaction detail +U/PW AO
eV eV
H adsorption SHeur¢ +H(g) = SHeurs (1) 0 0
H desorption SHsurf — Seurs + H(g) (2) 0.53  0.40
H migration SHgurf + Ssurf — Ssurf + SHeurp  (3) 0.34 0.30

HQSSWf formation-LH SHsqu + SHsurf — Ssurf + HQSSWf (4) 0.39 0.28
H2Ssyr ¢ formation-ER H(g) + HSgurf = HaSsury  (5) 0 0
Reaction (4) reversed HoSeurf + Ssurf = SHsurp +SHgury (6)  0.70  0.74

H5S release-ER H(g) + SHgurf = Svacancy + H2S(g) (7) < 0.66 —
H,S release HoSsurf — Svacancy + Ha2S(g)  (8) 0.66 0.39
Hs formation-LH SHgurf + SHeurf — Ssurs + Ha(g)  (9) 0.51 0.54
H, formation-ER H(g) + SHgurf — Seurs + Ha(g) (10) 0 0
H adsorption at Syacancy Svacancy + H(8) = SvacancyHsubsurs  (11) 0 0

than the break-up process (6) of the HySy,, s complex. Both DFT models therefore agree
that, once adsorbed H atoms are present, sulphur depletion is a kinetically and thermody-
namically favored phenomenon, with the final desorption step (8) being exothermic by 0.66
eV (DFT+U/PW) or 0.39 eV (DFT/AO).

It should be noted that there is a more probable process of HyS release from the surface,
namely, reaction (7) of SHg,,; interaction with an incident H atom from the gas phase
(H(g) atom). This process can proceed via singlet and triplet intermediate states and the
details of these pathways will be described elsewhere. In addition to the above-mentioned
Langmuir-Hinshelwood (LH) reactions, HyS,,, s and Hs(g) can be formed in a direct Eley-
Rideal (ER) impact between incident H(g) atoms and SHy,, s groups (reactions (5) and
(10), respectively). The H atom adsorption at an S-vacancy (reaction (11)) results in a
sub-surface H atom with a binding energy much larger than the S, sH binding energy.

These predictions were confirmed by dynamic DFT simulations of interactions of 0.1 — 1.0
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eV H atoms with the MoS; and WS, monolayers (the results on MoS,, obtained by dynamic

simulations, have been reported previously [11]).
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Supplementary Fig. 1. Schematic illustrations of DFT-calculated mechanisms of H
interaction with WS,: a) H adsorption in tilted position; b) energy diagram for surface

diffusion; ¢) energy diagram for surface HyS group formation.

As one can infer from the Supplementary Table I, the rate of HsS,, s production and
hence the rate at which sulphur vacancies are formed is proportional to the coverage of
surface SHy,, groups. It is therefore crucial that this coverage remains low. The main
effect of WS, surface temperature on the HsS elimination rate could be related with the
thermal desorption of H atoms from WS, surface (i.e. from SH groups with S-H binding
energy E, =0.53 eV, Supplementary Table I). The rate coefficient v[s™'] of H thermal
desorption can be estimated as v(T) = 103exp(-E,/kpT)[12]. The variation of T from 393
to 573 K results in a two order of magnitude increase of the desorption frequency (v(393 K)
= 1.6 x10% s7' vs ¥(573 K) = 2.2 X 10® s7!) and respective decrease of the SHy,,.; coverage.
Likewise, high temperatures will increase the relative importance of LH desorption of Hy
(reaction (9)) versus clustering. Such a dramatic decrease of the SHy,, s coverage (and hence

the rate of HyS(g) and Syqcancy formation) explains the unexpected reduction of the WS,
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damage at elevated surface temperatures observed in the experiments. Additional DFT
simulations (not presented here) showed that H reactivity on MoS,; monolayers is similar to
the case of H - WS, system. It is therefore expected that remote hydrogen plasma will be
efficient for cleaning MoS, and other TMDs.

B. S vacancy healing with OCS molecules

An OCS molecule is a logical candidate for healing S vacancies on WSy surfaces since it
can dissociate into CO and S fragments. The dissociation energy of the OCS molecule is of
3.1 eV [13, 14], but the calculated energy of healing S vacancy on the WS, layer by an S atom
is ~ 6.1 €V, so the overall process is exothermic. As our DFT simulation showed the OCS
molecule can be absorbed on the WS, surface above the vacancy with the absorption energy
of ~ 0.5 eV (Supplementary Figure 2(a)). In this configuration, the molecule is inclined
slightly with respect to the vertical axis, while S atom is directed towards the vacancy and
located at the distance of 2.6 A from the plane going through the upper sulfur layer. At the
closer approaching to the surface, the OCS molecule could dissociate on CO and S fragments
(Supplementary Figure 2(b)) which leads to the S vacancy healing and the formation of a
volatile CO molecule (Supplementary Figure 2(c)). However, the activation barrier of this
process is too high (~ 1.1 eV) so this dissociation pathway is not realistic under experimental
conditions. There is a possibility of the OCS molecule absorption above the S vacancy in
the position with an O atom directed to the surface with the absorption energy of ~ 0.3
eV and distance of 2.4 A, but the dissociation of the molecule into CS and O fragments is
endothermic in this case, so the vacancy filling by an O atom can be hardly realized. The
dissociative adsorption of OCS molecule at S,qcancyHsubsur site with the CO molecule release
is also complicated due to the high barrier > 1 eV.

A more realistic mechanism of S vacancy healing could be related to the OCS reactions
with H atoms adsorbed on the WS, monolayer and/or reactor wall. In this case, the dis-
sociation of the OCS molecule could proceed via the following two-step process shown in

Supplementary Figure 3:

H,urp + OCSgas — OCSH,q, (12)
Svacancy + OCSHyqs — SHyyrp + CO s (13)
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Supplementary Fig. 2. Preferential configuration of the OCS molecule absorption on
the WS, monolayer with an S vacancy (a), the intermediate (b) and final (c) states of the

process of OCS molecule near the S vacancy.

The Supplementary Figure 3(a-c) shows the pathways of reaction (12) for the abstraction
of an H atom from the hydrogenated WS, surface with formation of the OCSH molecule,
while the Supplementary Figure 3(d-f)) corresponds to reaction (13) of the OCSH disso-
ciation on a S vacancy resulting in the release of a volatile CO molecule. DFT modeling
shows that the first process is exothermic (the reaction energy, AE, is ~ -0.1 eV) and has an
activation barrier of 0.2-0.3 eV. During the reaction (12), an H addatom attaches to the S
atom resulting in bending of the OCS molecule and converting of the double C=S bond into
a single C—S bond in the produced O=C-S-H molecule. Therefore, the weakened C—-S bond

promotes dissociation of OCSH radicals in interactions with S-vacancies on the surface.

Reaction (13) is exothermic, too, with AE = ~1.7 eV, and it leads to breaking of the single
C-S bond and adsorption of a SH radical on the S-vacancy. It proceeds only at favorite
orientation of the OCSH molecule, namely, with the S atom directed to the surface. This
orientation is not energetically preferable, and the lowest energy of the system corresponds
to the configuration shown in the Supplementary Figure 3(c). However, the overall barrier
of reaction (13) is only 0.2-0.3 €V with respect to the energy of this configuration, so the
healing reaction could proceed in the experimental conditions under study. We can conclude
that S-vacancy healing with thermal OCS molecules can be realized via two-step process:

formation (by H abstraction) of the OCSH molecule and further dissociation (OC-SH bond
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Supplementary Fig. 3. Pathways for the OCS molecule dissociation on the
hydrogenated WS, surface: (a—c): reaction (12); (d-f): reaction (13).

breaking) on the S vacancy.
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