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Abstract

Tungsten dichalcogenide monolayers have unique properties which make them promising as channel materials in
next-generation semiconductor devices, atomically thin diffusion barriers in interconnects, and low-dimensional
supports for catalysis. These applications require interfacing the monolayer with a metal, whose morphology
typically determines which applications are viable. An atomistic understanding of how metals interact and grow on
these monolayers is therefore essential. Theoretical work has largely addressed single-atom adsorption and doping,
or pristine metal-monolayer interfaces, leaving the early stages of metal growth unexplored. Using density functional
theory, we study the relaxations and dynamics of Co and Ru adatoms, dimers, and 4-atom nanoclusters on WS,
WSe,, and WTe,. This allows us to develop a comprehensive understanding of the fundamental interactions between
adsorbed metal atoms and monolayers, revealing the role different metal-substrate and metal-metal interactions have
in affecting preferred adsorption sites and nanocluster structure and potential morphology. We find both metals
interact strongly with all three monolayers and may also induce structural changes that affect thin-film growth.
The larger lattice parameters of WSey and WTe, drive a strong preference for interstitial adsorption. Interstitial
adsorption can cause displacement of W atoms in WTe, and trigger a local hexagonal-to-orthorhombic phase change
in the monolayer. Co and Ru can also promote formation of chalcogen vacancies by displacing the chalcogen atom
and occupying the resulting vacant site. Overall, Ru favours vertical growth, with stability driven by metal-metal
interaction, whereas Co is most stable at interstitial sites.



1 Introduction

2D materials are a class of crystalline solids composed
of a single monolayer, offering unique properties com-
pared to their bulk counterparts which opens up novel
applications in a wide range of diverse fields'. Transi-
tion metal dichalcogenides (TMDs) are one group of 2D
materials for which the monolayers have distinct prop-
erties from the bulk, allowing for numerous applications
due to their unique optical™ ", electrical”’, and mechan-
ical properties™™

Bulk TMDs are layered materials which consist of co-
valently bonded monolayers, held together by van der
Waals interactions between the layers. TMD monolayers
have an X-M-X “sandwich” crystal structure where X
and M are the chalcogen and metal atom respectively
The properties exhibited by TMD monolayers can differ
dramatically depending on both the metal, chalcogen,
and crystal phase that is present

Tungsten TMDs (WS,, WSe,, WTey; henceforth col-
lectively denoted as WX,) are important for a variety of
applications such as catalysis , optoelectronics' "',
spintronics , gas sensors”~~~, and antibacterial ac-
tivity

Metal deposition onto the substrate is central to many
of these technologies, particularly for electronics and en-
ergy conversion. Understanding the early stages of metal
adsorption and growth on TMD monolayers is therefore
essential for the next generation of technologies in which
metals are deposited on and interfaced with 2D mate-
rials. More generally, the morphology of the deposited
metal is crucial in determining the possible application
of a given metal-substrate combination”’. Metals which
form 3D clusters are useful in catalysis, as the high
surface-to-volume ratio provides a large number of active
sites””. In particular, TMDs have shown promise for the
hydrogen evolution reaction. Although the basal plane
of these monolayers is largely inert, by decorating the
monolayer with a metal catalyst, a clear enhancement in
activity can be delivered

Conversely, metals which have a morphology charac-
terised by lateral growth when deposited can be used
as interconnects or metal contacts for semiconductor de-
vices™ . As transistor size decreases in accordance with
Moore’s law, downscaling the lowest level interconnect
structures has become a bottleneck™ Cu is widely
used as the interconnect metal. However at these smaller
scales, the resistivity of copper increases making its use
no longer viable for next-generation semiconductor de-
vices . In addition, the diffusion barrier layer, typi-
cally TaN with an additional liner of Ru or Ta to promote

Cu plating, consumes a significant fraction of the avail-
able volume. As a result, TMDs have been suggested as
atomically thin diffusion barriers, which would increase
the available volume for the interconnect metal in the
via and therefore keep line resistance low . For this
to be viable, the interconnect metal must wet the diffu-
sion barrier to form a smooth, conductive film. However,
previous work has shown that Cu does not wet TMD
monolayers”’-"" at very low film thickness. Therefore,
further combinations of TMD diffusion barriers and in-
terconnect metals for downscaled complementary metal-
oxide semiconductor (CMOS) technology nodes needs to
be explored, to enable next generation technology such as
Gate-All-Around and Complementary Field Effect Tran-
sistors.

The elemental metals Co and Ru show promise to re-
place Cu as the line-level metal in interconnect structures
due to their lower resistivity at nanometre-scale dimen-
sions . Understanding the preferred growth mode of
these metals on candidate barrier layers is therefore cru-
cial in determining which TMD-interconnect combina-
tion is suitable for next-generation semiconductors.

Current literature investigating the interaction of Co
and Ru with 2D TMD monolayers typically involves the
adsorption of or doping with single metal atoms in order
to investigate the effect on magnetic and electronic™ ™",
optical’”’, and gas sensing properties . However, in-
vestigation beyond single metal atoms on WX, to un-
derstand the initial stages of metal growth and predict
thin-film morphology is lacking.

To address this, we provide an atomistic description of
Co and Ru adsorption and dynamics on three tungsten
TMD monolayers with different chalcogen species (WS,
WSe,, and WTe,), with clusters of 1, 2, and 4 metal
atoms. From this we extract metal-metal and metal-
surface interaction energies. Using the relative magni-
tude of and competition between these energies we infer
the likely early-stage growth mode on each monolayer.
Our previous work on Cu adsorption onto TaN""",
MoS5”7, WX, and Co and Ru on MoS,”" has shown
that if metal-metal interactions are stronger than metal-
surface interactions, a vertical growth mode of the metal
is preferred. However, if metal-substrate energies dom-
inate, lateral growth is preferred, suggesting the metals
will form the targeted continuous thin films"*

We perform 0 K structural relaxations, ab initio molec-
ular dynamics (aiMD), and nudged elastic band (NEB)
calculations to probe stability and dynamics of adsorbed
metals on these monolayers. It should be noted that
for WTe, the most stable phases are 1T and 1T’, with
the 2H phase being metastable’® "". Despite this, the 2H



phase has been fabricated and characterised”', and is not
merely a model consideration, but a real material of in-
terest. We investigate WTe, in the metastable 2H phase
as it is a semiconducting phase with unique properties,
making it particularly interesting for use as a channel
material in tunnel field-effect transistors””. In contrast,
the 1T and 1T’ phases are not semiconducting and are
therefore unsuitable for use as a channel material””. Fur-
thermore, by examining three WX, monolayers with the
same hexagonal crystal structure, we determine the ef-
fect of the chalcogen species and lattice parameter on the
stability of metal adsorption and on final metal morphol-

ogy.

2 Computational Methods

All calculations were performed with density functional
theory (DFT) using the Vienna Ab initio Simula-
tion Package (VASP) version 5.4.4 Periodic three-
dimensional boundary conditions were applied, and the
spin-polarized general gradient approximation (GGA)
using the Perdew—Burke—Ernzerhof (PBE) approxima-
tion to the exchange—correlation functional were used

The core electrons were described using the projector-
augmented wave potential (PAW)"%°". The valence elec-
trons were described explicitly using a plane-wave basis
set with an energy cut-off of 450 eV. The valence elec-
tron configurations used for the chemical species for all
relaxations and nudged elastic band calculations are: W
= 6s! 5d%; S = 3s? 3p*; Se = 452 4p*; Te = 552 5p*; Co =
3d® 4s'; Ru = 4d” 5s'. A Monkhorst-Pack k-point grid
of 2x2x1 was used. All forces acting on the atoms were
converged to within 0.02 eV/ A, with convergence criteria
for energy minimisation set to 10°* eV for geometry re-
laxations. A Methfessel-Paxton smearing of order 1 was
used and no symmetry was applied. We use a smearing
of o = 0.1 eV to treat partial occupancies.

For ab initio molecular dynamics (aiMD) simulations,
a plane wave energy cut-off of 250 eV and Gaussian
smearing with ¢ = 0.1 eV were used. Simulations
were performed in the canonical (NVT) ensemble using
a Nosé-Hoover thermostat with a heat bath at 500 K,
and a timestep of 5 fs for a total simulation time of 15
ps. The final structures of the geometry optimisations
were used as the starting structure of the aiMD simula-
tions. The lower energy cut-off facilitates configurational
exploration and longer time-scales given limited comput-
ing resources. We note that at this lower energy cut-off,
the forces are already well converged and the energies are
off-set by a constant, compared to 450 eV. Any new con-

figurations obtained from these aiMD runs were relaxed
at 0 K with an energy cut-off of 450 eV, to compute
accurate energy differences. For a detailed description
of convergence tests and error analysis, see Supporting
Information.

Activation energies were calculated using the climb-
ing image nudged elastic band method with 5 interme-
diate images. An energy cut-off of 450 eV was used
with forces on intermediate images converged to 0.05
eV /A% Activation energies for reactions are calcu-
lated using Ea. = Et —FE1g, where E 5 is the activation
energy, Ejg is the energy of the starting geometry and
E; is the energy of the transition state between starting
geometry and final geometry. Activation energy for the
reverse process is calculated in the same way, but with
respect to the energy of the final geometry, rather than
the starting geometry.

From our previous work””""”" we use a 5 x5 x 1 super-
cell of WX, monolayers, where X is either S, Se, or Te,
with 75 monolayer atoms in the supercell and a vacuum
region greater than 17 A along the z-direction to prevent
interaction of periodic images. These WX, monolayers
have the same 2H hexagonal structure as MoS, mono-
layers, only differing by lattice parameter and the metal-
chalcogenide bond length. While 2H WTe, is metastable,
it has been successfully synthesised

Van der Waals corrections were not used as we have
previously shown that van der Waals interactions do not
contribute significantly to the stability and optimised
geometry of metal clusters on TMD monolayers
Structures were visualised using the atomic simulation
environment (ASE) and VESTA™: Atomic charges
were computed from the Bader charge partitioning
scheme '~

To understand the adsorption of Co and Ru atoms
and predict the likely growth mechanism of these metals
on each WX, monolayer, we compute four different
types of energy according to our previously published
workflow for predicting the morphology of metal thin-
films deposited on various substrates™”

1. The binding energy per metal atom:

Etotal - (Emonolayer + nEmctalfatom)

n

(1)
where FEiotq; is the total energy of the relaxed cluster-
monolayer system. We refer to the metal cluster itself
as M,, M = Co/Ru, n = 1,2,4). Eponolayer is the
energy of the bare monolayer, and nFE,ciai—atom 1S
the energy of a single gas phase metal atom multiplied

Ebind/atom -




by n, the number of metal atoms adsorbed on the surface.

2. The interaction energy between adsorbed metal
atoms, referred to as the metal-metal interaction energy:

Emetal—cluster - nEmetal—atom
n

Emetalfmetal = (2)
Where FE,uetai—ciuster 1S the single point energy of the
relaxed, surface bound M, nanocluster structure in
vacuum, with n being the number of metal atoms in this
cluster.

3. The binding energy with reference to free metal
cluster (Enetal—clusters see Eq. 2), also referred to as
the metal-substrate interaction energy:

Etotal - (Emonolayer* + Emetal—cluster)

Emetalfsubstrate = n

3)
Here FEponolayer= is the single point energy of the
monolayer with no metal, in the relaxed structure it
obtains during metal adsorption. We use this energy,
rather than the monolayer energy used in equation 1,
as the adsorption of metal atoms can introduce a
local strain and distortion to the monolayer. This
adsorption induced strain has an associated energy cost,
which means the total energy of the monolayer may be
significantly altered from that of the bare monolayer.

From these equations it is possible to disaggregate
the overall binding energy per atom into its compo-
nents, namely metal-surface interactions, metal-metal
interaction, and a surface distortion term.

Ebind/atam = Lmetal—surface + Emetal—metal + Edistortion
(4)
where
Emonola er* — Emonola er
Edietortion = Y Y (5)

n

We also compare these results for Co and Ru to
our previous work on the adsorption of Cu onto MoS,
and WX, and Co and Ru onto MoS,”’, to broadly
contextualise our results in reference to trends occurring
across different adatom species and transition metal
dichalcogenide monolayers.

We calculate the energy required for formation of
chalcogen vacancies based on the reaction Hy + MX,
—MX,(Vx) + HyX where M is the metal species (Mo,

W) and X is the chalcogen (S, Se, Te). The chalcogen
vacancy formation energy is then found using

Eyae = Ba,x — ((EMX2 — BEux,vy)) EHZ) (6)

3 Results and Discussions

To investigate the early stages of metal nucleation on
these TMD monolayers, M,, (M = Co/Ru, n = 1,2,4)
nanoclusters are adsorbed onto the TMD monolayers at
different sites in different initial configurations. Binding
energies for each structure are calculated using equation
1, metal-substrate interaction energies are calculated
using equation 3, and metal-metal interaction energies
are calculated using equation 2. These energies are
displayed for every structure in Tables S1, S2, S4, S5
and S6 of the Supporting Information.

For Co and Ru on WX, there are five unique ad-
sorption sites in contrast to our previous work involving
Cu adsorption onto WX, ", in which only four stable
sites were found. The five adsorption sites are as
follows: Atop-X, where the adatom adsorbs directly
above a chalcogen; Atop-M where the metal adatom
adsorbs above tungsten so that it is coordinated to
three chalcogen atoms; Hollow, where the adatom is
coordinated to three chalcogen atoms but where there
is no tungsten atom underneath the adsorbed species;
Bridge, where the atom is at a bridging site between
two chalcogen atoms and Interstitial, where the metal
adatom has situated below the hollow site to be in
the tungsten plane of the monolayer rather than on the
surface, which was not seen for copper on WXs.

These sites with the exception of Bridge are shown
in figure 1. Adsorption at Bridge site is shown in figure
S2 in the Supporting Information as it is generally not
stable upon relaxation, and only exists for a few config-
urations. For the sake of brevity, an atom’s initial ad-
sorption site will be referred to as X, M, H, I, or B for
Atop-X, Atop-M, Hollow, Bridge and Interstitial
respectively.

From the large number of geometries investigated
(>250 initial structures), we discuss only those di-
rectly relevant to metal adsorbate stability in the main
manuscript, particularly as different starting structures
can relax to the same final geometry. A complete set
of figures for all optimised geometries is provided in the
Supporting Information (SI, Figures S1 - S15).

Regarding the morphology of the adsorbed metal, we
distinguish between 2D and 3D structures. A structure
is considered 2D if all metal atoms are bound to the



WX, monolayer (X being S, Se, or Te). In a 3D
structure however, at least one metal atom is not bound
to the monolayer, but only to other metal adatoms (e.g.
four atom tetrahedron with the apex atom only bound
to the base metal adatoms).

3.1 Single atom adsorption

Adsorption at site X, M, H, and I is exothermic for
both Co and Ru atoms on all three monolayers. A stable
adsorption structure at site B was only found for Co on
WS,. For all other site B relaxations, the metal adatom
migrated into either the adjacent M or H site. This is
in contrast to the adsorption of Cu onto WX,, where
adsorption at site B is stable on all three monolayers.
Adsorption energies for all sites with the exception of
site B on WS, are shown in table 1 and figure 3, with
the metal-TMD distances shown in figure 4.

Table 1: Single-atom adsorption energies.

Site WS, WSe, WTe,
(eV/atom) (eV/atom) (eV/atom)
Co X —1.12 —0.87 —-0.87
M —2.61 —2.21 —2.36
H —1.34 —1.23 —1.42
I —2.18 —2.10 —4.12
Ru X —1.52 —1.19 —1.32
M —2.85 —2.53 —2.88
H —1.81 —1.59 —2.08
I —2.01 —2.61 —4.52

The binding energy for Co at site B is —1.27 eV.
This site was not stable for any other structure.

For both metal species, adsorption onto the telluride
monolayer is the most stable adsorption mode, followed
by the sulphide, and then the selenide. The stability of
an adsorption site is not correlated with the bond length
between the adsorbed metal and the atoms in the mono-
layer. Rather, adsorption stability is determined by the
coordination environment and thus the site at which the
atom adsorbs. This behaviour was seen in our previous
work on metal-TMD adsorption””>""»”’ where the dis-
tance of the adsorbed metal to the TMD was not related
to the overall binding energy.

The range of binding energies over the adsorption sites
is largest on the telluride monolayer, due to the signifi-
cant stability of adatom adsorption at site I, which is by
far the most stable site on all monolayers. Figure 2 dis-
plays the most stable single atom adsorption modes for

both metals on each monolayer. For both Ru and Co,
adsorption at site I on WTe,, Fig. 2¢) and f), is ~ 3.2
eV stronger than the least stable site, X, which is the
least stable adsorption mode for both metal atoms on all
three monolayers. For WS, and WSe, however, this dif-
ference in stability between the most and least stable site
is only ~ 1.4 eV. This arises from the fact that the lat-
tice constant of WTe, is larger than that of the sulphide
and selenide, allowing both Ru and Co species to be situ-
ated at site I in the plane of the tungsten atoms without
a large distortion of the monolayer, while WSe, must
distort from its equilibrium structure to accommodate
the interstitial metal atom. This is also seen from the
different interaction energies: Ru has a metal-substrate
interaction energy of ~ —7.1 eV for adsorption at site I
on both WSe, and WTe,. However, the distortion en-
ergy on WSe, is 4.52 eV, 1.90 eV larger than it is for
WTe, (2.62 eV), thereby significantly reducing the over-
all binding energy, Eq. 4.

Unlike the telluride and selenide monolayers, WS, does
not allow incorporation of the adsorbed metal adatoms
into the I site in the tungsten layer of the TMD. Rather,
atoms adsorbed at site I on WS, sit in the same layer as
the chalcogen atoms. This results in a reduced activation
barrier when compared to the selenide and telluride mi-
gration between sites H and I. Due to this, adsorption at
site M, rather than site I, is the most stable adsorption
site for both metal atoms on WS,. For Cu, Co, and Ru
adsorption onto MoSy and Cu adsorption on WX, site
M was also the most favourable single atom adsorption
site. This trend likely holds across the different transition
metal disulphides as MoS, and WS, have similar lattice
constants of 3.16 and 3.18 A respectively. Therefore, the
geometric environment which drives single atom adsorp-
tion is similar for all adsorbed metal species on MoS, and
WS,.

By comparing the adsorption of Co and Ru at sites
M and I on WS, the role of adatom size on adsorption
stability becomes clear. Adsorption of Co at site M is
0.43 eV more stable than at site I on WS,. For Ru how-
ever, this difference is notably larger, with adsorption at
site M being 0.84 eV more stable than at site I on WS,.
Ru has an atomic radius of 1.78 A, 0.26 A larger than
Co'""”. This means the volume a Ru atom occupies is
about 1.7 times larger than for a Co atom. Therefore, Ru
cannot bind as favourably to site I as Co can, reducing
the Ru binding energy at site I on WS,.

On WSe,, adsorption at sites I and M is much more
competitive. For Co, site M is the most stable mode
on WSe,, whereas for Ru, site I is the most stable site.
The difference in stability however, is only about 0.1 eV



v L
'c,"/,;'.f'-/,;n be.
iyt
.
R
.

Figure 1: Adsorption structures of a single Co atom on WX, to illustrate the four main adsorption sites. The
example used is a single cobalt atom on WTe,. Site B can be seen in Figure S2 of the Supporting Information.
Atomic colours are as follows: grey = W; purple = Te; blue = Co.

for both metal atoms. This is unlike the behaviour seen
on WS, or WTey, where a clear preference is shown for
binding at either site M or I respectively.

The Ru adsorption geometry at site I on WSe, is dif-
ferent from other site I adsorption modes, figure 2 (e).
Here, the Ru atom relaxes to the edge of the intersti-
tial site, rather than the centre. This geometry has a
very large metal-surface energy of —7.13 eV, while also
having a very large distortion energy of 4.52 eV, show-
ing that stable adsorption geometries of metal atoms can
be found, even with large distortions to the monolayer,
which is balanced by the strong metal-WX, interaction.
This was also observed for the adsorption of Co and Ru
onto MoS,"", where stable structures were found that
heavily distorted the monolayer. The large distortions on
MoS, are compensated by strong metal-substrate inter-
action, leading to an overall favourable adsorption con-
figuration. On the contrary Cu was not found to distort
MoS, or WX, significantly.

To explore the dynamics of possible transitions be-
tween adsorption sites at finite temperature, aiMD was
performed at 500 K on all relaxed metal and hollow site
adsorption structures for 15 ps. This temperature is typ-
ical of back-end-of-the-line processing temperatures and
while 15 ps is relatively short, it is sufficiently long to pro-
vide useful information regarding the dynamics of metal
adatoms on TMD substrates and explore the configura-
tional space of metals on these monolayers in a compu-
tationally tractable manner. These sites are chosen as
they allow us to investigate the possible migration of an
adatom across the surface of the monolayer, as well as
providing insight into the transition from either site M
or H to site I. The final frame of these simulations was

then relaxed, with relevant structures shown in figure 2.
The path of atoms which migrated over the course of
aiMD is also shown in figure 5.

For aiMD adatoms initially at site M, no migration
of Co or Ru occurs on WS,, or for Co on WSe,. This
is due to the adsorption site M being the most stable
single atom adsorption mode for these metal-WX, com-
binations. For the remaining three structures, namely
Ru on WSe,, and Co and Ru on WTe,, the metal atoms
migrate to their most stable site found during 0 K relax-
ation.

Ru adsorbed at site M on WSe, remains at this site
for ~ 7 ps, after which it migrates to the edge of site
I. On WTe,, both Co and Ru migrate to site I after
~ 3.5 ps. The migration of the Ru atom to site I causes
a displacement of tungsten atoms in the monolayer on
WTe,, resulting in formation of a locally orthorhombic
structure.

On all three monolayers, Co atoms initially at site H
migrate to site I and remain at this site for the remainder
of the simulation; these transitions occur in less than 1
ps. Geometry relaxation of the final frame of each aiMD
simulation confirms that all Co structures show the same
binding energy as the original relaxations, demonstrat-
ing that at typical CMOS fabrication temperatures tran-
sitions between site H and I may occur spontaneously.
We find the activation barrier for this transition is 0.003,
0.12, and 0.08 eV respectively, with the reverse transi-
tion being 0.84, 0.98, and 2.78 eV respectively. Figure 3
shows the relative stabilities of adsorption sites and the
activation barriers for selected migrations between sites.

For Ru initially at site H on both WS, and WSe,,
rather than Ru migration to site I, the chalcogen mi-
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Figure 2: Single-atom adsorption on WX,. (i) Most sta-
ble single atom sites for Co on (a) WSy, (b) WSe,, (¢)
WTe,, and Ru on (d) WS,, (e) WSe,, (f) WTe,. (ii) Ru
structures after relaxing final frame of aiMD, where the
monolayer is altered by chalcogen migration ((g) WS,,
(h) WSey) or a local phase change ((i) WTey). Co atoms
do not alter the monolayer during the course of relax-
ation. Only one migration is seen for Co and its path is
shown in figure 5. Eying/atom in V. Colours: blue = Co;
cyan = Ru; grey = W; yellow = S; green = Se; purple =
Te.

O oo
-1 - X — —
e R G —
09/ _——y 9f —— H
S ° S
(0] s} N
R _2 - =11 —y |
OF — O —
E o | M ’0\0 M
5 " :
~ —3 7 g
ko) o
C
£
w
_4 -
_5 -
Ru
O oo
_1 -
—X — X
S . —X  —
n
D o H .
L 5 o'{_| B —
—~ —
g ﬁ - w \/3C ; M
2 o ~ —|
@© M o, I M
— —3 1 pup—— vac ﬁ
el ~
£ o
fe) —
Ly =}
—4 -
AL
|
=5 7 NV = m 0rtho
o
WSz WSEZ WTe>
e Atop-X == |nterstitial
s Bridge == = Metal at X vacancy
s HollOW == = |nterstitial (local orthorhombic)
m—— Aton-M

Figure 3: Schematic showing relative energies of sites,
and activation barriers between sites for single atom Co
(top) and Ru (bottom) structures. Arrows display the
forward and reverse NEB barriers, with largest barrier
shown for two step processes (denoted by T). “vac” de-
notes the metal occupying a chalcogen-vacancy site and
“ortho” the interstitial site in the locally orthorhombic

8 structure.



® Site X A SiteM * SiteH " Sitel

NN N N
5 0 o N »
*
>
s
s
15

~
w
.

distance (A)

A ”
n ]

~
N)

I

-

»
>

2.04 .

19

WS; (Co) WSe (Co) WTe (Co) WS; (Ru) WSe; (Ru) WTe; (Ru)

Figure 4: Adatom-chalcogen distances for single atom
adsorption.

grates away from the TMD layer, forming a vacancy. The
Ru atom then migrates to occupy this vacancy site, with
the chalcogen lying on top of Ru, see figure 2 (g) and (h).
On WS, this occurs within 1.5 ps. However, on WSes,
Ru remains stable at the hollow site for approximately
5 ps before the selenium migrates and Ru substitutes
the chalcogen at its original site. The energy required
to form a selenium vacancy on WSe, is 0.33 eV larger
than for a sulphur vacancy on WS, and this is likely why
the Ru atoms persists at the hollow site before selenium
migrates for longer on WSe,, compared to WS,. Upon
relaxation, Ru remains at the chalcogen site on WS, and
this has a binding energy of —2.44 eV, thereby forming
the second most stable single atom adsorption mode for
Ru on WS,, with Ru at site M being more stable by 0.41
eV. For Ru on WSe, however, the relaxed Ru atom at the
vacancy site has a binding energy of —3.05 eV, making it
the most stable Ru adatom adsorption mode on WSe,.
This structure is 0.44 eV more stable than adsorption of
Ru at site I.

From NEB calculations we see that the formation
of these vacancies requires two transition states before
forming the final structure, with the forward barriers on
WS, being 0.06 and 0.12 eV, and the reverse barriers
being 0.65 and 0.16 eV. For Ru on WSe, we find the
forward barriers are 0.23 and 0.07 eV, and the reverse
barriers being 1.53 and 0.23 eV respectively, see Fig. 3.

On WTe, Ru also stays adsorbed at site H for approx-
imately 5 ps. Rather than migrating directly to form an
interstitial, it migrates to an adjacent site M where the
adatom remains for 2.5 ps. After this, the tungsten atom
underneath the Ru adatom displaces from its initial po-
sition, to form a locally orthorhombic structure. This
thereby creates a large void into which the Ru atom mi-

Co migration from site M on WTe, Ru migration from site M on WSe,
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Figure 5: Plot of the migration path for single Co and
Ru adatoms in the aiMD simulations. Specifically Co at
site M on WTe, (top left), Ru at site M on WSe, (top
right), Ru at site H on WSe, (bottom left), and Ru at
site H on WTe, (bottom right).

grates, taking an interstitial site. Upon relaxation, this
structure has a binding energy of —5.14 eV, making it
the most stable adsorption structure for Ru on WTe,,
see figure 2 (i). We find that the energy barrier required
to induce local transition from the metastable hexagonal,
to an orthorhombic structure is 0.27 eV, with the reverse
process having an activation barrier of 0.89 eV.

Simulation of single metal adatoms at finite tempera-
ture reveals that, on all three monolayers, it is energet-
ically advantageous for the metal atom to modify WX,
either via the formation of chalcogen vacancies or altering
of the local crystal structure at typical back-end-of-the-
line temperatures. Such dynamics are not captured by 0
K DFT relaxations.

3.2 Two atom adsorption

Two atom clusters represent the very start of metal film
growth on these monolayers, from which the initial com-
petition between metal-metal, and metal-substrate ener-
gies can be investigated. By comparing adsorption stabil-
ity of neighbouring, non-equivalent, and separated
geometries, the interplay between the range of adsorption
sites, presence or absence of adatom-adatom bonds, and



their effect on final binding energies can be established.

Three different initial configurations were considered
for two atom adsorption. The first configuration, labelled
as Neighbouring, has metal atoms adsorbed at near-
est neighbour equivalent sites, allowing the adatoms to
form a metal-metal bond. The second configuration, la-
belled as Separated, has metal atoms arranged at equiv-
alent third nearest neighbour sites with no metal-metal
adatom bonds. The final configuration, labelled Non-
Equivalent, has metal atoms located at second nearest
neighbour non-equivalent sites in differing permutations
(X-M, X-H, X-I, M-H, and M-I). All 2 atom struc-
tures are shown in figures S4-S9 of the Supporting Infor-
mation, with the most stable structures shown in figure
6.

For two atom clusters, both metal-metal and metal-
substrate interactions play an important role in the over-
all stability. This is similar to the behaviour of Co and
Ru on MoS,, where both the metal adsorption site and
the presence or absence of metal-metal bonds were key in
determining final adsorption site stability’”. For Cu on
WX, however, only the metal-metal energy played a sig-
nificant role in determining the stability of 2 atom clus-
ters*’. For both metals and all monolayers, except Co
on WS,, neighbouring adsorption at interstitial site I
is the most stable two atom adsorption structure. In this
adsorption mode, both the metal-substrate, and metal-
metal energies can be maximised due to both large metal-
metal and metal-monolayer interactions for neighbour-
ing structures at site I.

For all metal-monolayer combinations, separated ad-
sorption at site X is the least stable adsorption mode.
For this adsorption mode, both the metal-substrate en-
ergy and metal-metal interaction energy remain small
due to the separation of the metal adatoms, each of which
has only a single metal-substrate bond.

By comparing separated and neighbouring adsorp-
tion at site X, the effect of metal-metal bonds on adatom
stability can be demonstrated. Neighbouring adsorp-
tion modes at site X are ~ 1 eV more favourable for
Co, and ~ 1.5 eV more favourable for Ru compared to
separated metal atom adsorption at site X. This in-
crease in binding energy is solely due to an increase in the
metal-metal interaction energy caused by the metal bond
present in neighbouring structures, which is absent in
separated adsorption modes. The Co-Co and Ru-Ru
bonds are shortest for neighbouring adsorption at site
X, and longest at site M, see table 2. This demonstrates
that, although the adsorption site remains the most im-
portant factor in stability, the metal-metal bonds also
play a significant role in overall adatom stability, partic-
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Figure 6: Most stable 2 atom adsorption modes: Co on
(a) WSy, (b) WSey, (c) WTe,, and Ru on (d) WS,, (e)
WSe,, (f) WTey. Ru shows a preference for adsorption
at site I, making chalcogen atoms migrate from their
original site on WS, and WSesy. Ebing/atom shown in eV
in this figure. Atomic colours are as follows: blue = Co;
cyan = Ru; grey = W; yellow = S; green = Se; purple =
Te.



ularly at the less favourable single atom adsorption sites.

Table 2: Metal-metal distances for neighbouring adsorp-
tion modes.

Monolayer X M H I
A A A A
Co WS, 2.13 2.88 2.84
WSe, 2.26  2.99 - 2.45
WTe, 2.26  3.38 - 2.83
Ru WS, 2.15 276 222 247
WSe, 2.12 275 221 254
WTe, 2.12 283 223 268

Absent entries correspond to structures
that relaxed to a different final geometry
from the neighbouring starting configura-
tion.

Although neighbouring adsorption at site X is ~ 1
eV more favourable compared to separated for Co ad-
sorption, this structure is the second least stable 2 atom
structure on WSy and WTe,, and the third least stable
structure on WSe,. In spite of the large increase in bind-
ing energy arising from the Co dimer with a metal-metal
bond, the adsorption of Co atoms at the unfavourable
site X causes the overall binding energy to remain smaller
than the other Co dimer adsorption modes at other sites.
Furthermore, separated Co modes at sites I and M have
competitive binding energies to both neighbouring and
non-equivalent modes at less favourable sites X and H.
This is due to the fact that the metal-substrate interac-
tion energy, and therefore adsorption site, has the largest
effect on the overall binding energy for Co adsorption
onto WX,

For Ru however, this increase in metal-metal interac-
tion energy has a much larger effect on adsorption sta-
bility. Neighbouring adsorption at site X displays an
intermediate stability for Ru adsorption on the three
monolayers, rather than being one of the least stable
structures. In general, the difference in binding energy
for separated and neighbouring modes is much larger
for Ru than for Co, due to the greater affinity for Ru
to maximise the metal-metal interaction energy which
arises from the larger cohesive energy of Ru (-6.99 eV)
compared to Co (-5.19 eV). This suggests that metal-
metal interaction and adsorption site together determine
the stability of Ru on WX,, as a distinct preference for
sites M and I over X and H remain, irrespective of
metal-metal bonding.

As with single Co atom adsorption, site M is the most
stable site on WS, for a Co dimer. For Ru however, site
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M is no longer the most stable site for neighbouring ad-
sorption; rather, site I becomes the most stable site for
neighbouring adsorption of Ru on WS,. This is due
to the migration of sulphur upon Ru dimer adsorption
and relaxation, which allows the Ru atoms to arrange
more favourably within the monolayer such that the lat-
tice constant of WS, no longer limits the metal-substrate
binding at site I. This again shows that adsorbed Ru
atoms may promote chalcogen migration, leaving a va-
cancy in the monolayer to be filled by a metal adatom
which increases the overall adsorption stability. This ad-
sorption mode of Ru also forms a sulphur vacancy on
MOSQ

From equation 6, we find that the chalcogen vacancy
formation energy for MoS,, WSy, WSe,y, and WTe, are
2.33, 2.49, 2.82, and 3.15 eV respectively. Therefore, the
energy required to form a sulphur vacancy is 0.16 eV
smaller on MoS, than it is on WSy, and therefore the
general propensity for Ru to promote sulphur migration
and form vacancies is larger on MoS,.

Figure 6 (e) shows that the neighbouring config-
uration of the Ru dimer at site I on WSe, also pro-
motes chalcogen migration, forming a vacancy. This is
in contrast to the behaviour of Co for this adsorption
mode, where no selenium migration is observed. This be-
haviour again arises from the atomic radius of Ru being
larger than the radius of Co, meaning it occupies a much
greater volume than Co. Selenium migration allows both
Ru atoms to occupy the most favourable adatom site,
namely site 1.

For separated adsorption of both Co and Ru onto
WS,, only adsorption at site M was competitive with
neighbouring dimers. This behaviour is also seen on
MoS, where only separated adsorption at site M was
competitive in energy with clusters containing a metal
bond. For Co on WS,, this adsorption mode forms the
third most stable structure, whereas for Ru, it is one of
the least stable structures, again showing that the ad-
sorption site plays a larger role in adatom stability for
Co than for Ru.

The separated adsorption of Ru at site I on WTe, has
a significantly larger binding energy compared to other
separated and neighbouring Ru adsorption modes.
The large binding energy here in comparison to other
separated Ru structures in particular, is largely due to
the larger lattice constant of WTe, compared to those
of WS, and WSe,. Therefore, the distortion energies do
not compete with the increase in metal-substrate inter-
action energy for Ru to adsorb at site I on WTe,. Fur-
thermore, the metal-substrate energy is larger on WTe,
compared to WSy and WSe,y and so the combination of



these two factors greatly enhances the adsorption stabil-
ity of separated adsorption at site I on WTe2. This
does not negate Ru’s preference for metal-metal bonds
over metal-surface bonds as the other separated adsorp-
tion structures on WTe, are generally not as stable as Ru
adsorption modes with a metal-metal bond present.

WTe, tends to have the most stable adsorption modes
for both metals, followed by WS,, and then WSe,, a
trend we also observed for Cu™’. The range of adsorption
energies is also quite different on each monolayer, with
the difference between most and least stable adsorption
structures being 2.74, 3.38, and 4.31 eV for the sulphide,
selenide and telluride respectively. Similar to single atom
adsorption, these differences arise from the behaviour of
adsorption at the interstitial site on each monolayer.
WTe, is able to incorporate both Ru and Co at this site
with minimal strain, allowing for a very large binding
energy compared to its least stable structure. As the size
of the chalcogen decreases for both selenium and sulphur,
the energy gain for interstitial adsorption, largely due
to an increasing distortion energy at this site, reduces
dramatically, leading to a smaller range of adsorption
energies.

3.3 Four atom adsorption

Four different starting structures were considered for
the 4 atom nanocluster adsorption. Two structures
labelled Line and Rhombus are initially 2D (all metal
atoms interact with the TMD monolayer), and the
two starting structures labelled 3D-Rectangle and
Tetrahedron are 3D, in which at least one metal
atom does not interact at the TMD monolayer. All
relaxed structures for 4 atom nanocluster adsorption
are shown in Figures S10 - S15 of the Supporting Infor-
mation. The most stable structures are shown in figure 7.

For adsorption of 4 atom Co nanoclusters onto
WS,, 3D structures are the most stable. Specifically,
the tetrahedron structures adsorbed at site M are
the most favourable Co nanoclusters on WS,, as these
structures promote both the large metal-metal and
metal-substrate interaction energies. The most stable
of these structures, with a binding energy of —3.37 eV,
promotes sulphur migration to form a sulphur vacancy
in the monolayer, which a Co atom then occupies. This
tetrahedron structure is ~ 0.2 eV more stable than those
tetrahedron structures at site M which do not show
sulphur migration (see figure S10).

Although these tetrahedron structures are the most
stable on WS,, it should be noted that Co does not in
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fact show a clear preference for either 2D or 3D struc-
tures on WS,. Both 2D and 3D adsorption structures
remain competitive in stability, with the most stable 2D
structure, the rhombus adsorption at site M, having an
adsorption energy of —3.08 eV. Furthermore, this struc-
ture does not cause any sulphur migration. Although
the most stable structure is 3D, the least stable adsorp-
tion structure is also a 3D structure. Namely, the 3D-
rectangle at site X has the smallest binding energy of
—2.49 eV. This is similar to Co on MoS,, where there is a
slight preference for 3D structures, but in general 2D and
3D structures have similar stability, suggesting no clear
preference for either morphology for small nanoclusters.

Similar behaviour is found for Ru on WS, where the
tetrahedron structure adsorbed at site M is the most
favourable structure, with a binding energy of —4.18 eV.
As with Co, both 2D and 3D Ru structures are competi-
tive in energy on WS,. Because the metal-metal interac-
tion has a stronger effect on Ru adsorption, the prefer-
ence for 3D adsorption modes is stronger compared Co.
For Ru on WS, the least stable adsorption mode is the
2D line at site X, with a binding energy of —3.30 eV.
Similar stability ranges for 2D and 3D structures were
also observed for adsorption of Ru onto MoS,, suggest-
ing similar behaviour of Ru on the TMD selenides.

Although Ru shows a preference for 3D over 2D ad-
sorption on WS,, there are 2D structures which are more
stable than some 3D modes. The line structure at site
H on WS, has an adsorption energy of —3.86 eV (see fig-
ure 8). In this structure sulphur has migrated, thereby
greatly increasing the metal-substrate energy for Ru nan-
ocluster adsorption. For all cluster sizes we see the
adsorption of Ru is greatly enhanced in stability when
chalcogens migrate, leaving a vacancy in the TMD mono-
layer. This may promote intermixing of the metal and
TMD that can be beneficial for, e.g. TMD-metal con-
tacts. The distance between the Ru adatoms and the
sulphur atom which has migrated from its original site,
which is 2.20 A, is slightly shorter than the Ru-S dis-
tance in bulk RuS, which is 2.37 A™°. Furthermore, the
presence of the chalcogen vacancies may promote a 2D
morphology for Ru on WX,.

The behaviour of Ru on all TMD monolayers is consis-
tent; the Tetrahedron structure at site M is always the
most stable Ru nanocluster adsorption geometry. For
adsorption onto all three monolayers, there is in general
a clear preference for 3D clusters, particularly those ad-
sorbed at site M. This arises from Ru having a preference
for maximising metal-metal interaction energies, result-
ing in a preference for 3D clusters.

No chalcogen migration and vacancies are observed af-
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ter Ru nanocluster adsorption on the WSey, or WTe,
monolayers. Additionally, more sulphur vacancies form
on MoS, than do on WS,. This is due to MoS, having
the smallest sulphur vacancy formation energy of these
four monolayers, followed by WSy, then WSe,, and fi-
nally WTe,. The increase in vacancy formation energy
on the selenide and telluride, combined with the inherent
stability of the tetrahedron structure due to its large
metal-interaction energy, makes it unfavourable for Ru to
form vacancies on these monolayers unlike the behaviour
seen for 1 and 2 atom clusters on WS, and WSey. The
enhanced stability of 4 atom Ru clusters over smaller
clusters arises from the large metal-metal interaction en-
ergies and is also likely why no Ru atom is present at
an interstitial site, despite this adsorption mode being
very favourable for Ru in both 1 and 2 atom adsorption.

The behaviour of 4 atom Co structures is similar on
WSe, and WTe, monolayers. For both the selenide and
telluride, structures which have Co atoms adsorbed at
site I form the most stable structures. In particular, line
structures where Co atoms are initially at site H, form
the most stable mode on both WSe, and WTe, with a
binding energy of —3.17 and —3.15 eV respectively. On
WSe,, all Co atoms are at site I, whereas on WTe, only
two atoms are at site I. The remaining 2 Co atoms are
adsorbed at the surface at site H and B, with a Co-Co
distance of 2.19 A. The atoms at site H and B form a
dimer whereas the atoms at site I are isolated.

If structures with Co atoms adsorbed at site I are ex-
cluded from analysis, then an energetic preference for
3D over 2D structures of Co can be seen. As with Ru,
this is due to the increased lattice parameter of both
of WSe, and WTe, which leads to an increase in the
Co-Co distance for 2D structures. This increased Co-
Co distance leads to a reduction in the strength of the
metal-metal interaction energy for 2D clusters to such
an extent these structures are no longer as competitive
with 3D structures, as they were on WS,. This can be
seen most clearly by comparing the line structure at site
M on WS, and WTe,. Both these Co structures have
the same geometry, except for the distance between the
Co atoms adsorbed at site M. On WS, the average inter
Co-distance for this structure is 3.09 A, corresponding to
a metal interaction energy of —1.00 eV. On WTe,, this
distance increases to 3.49 A, and has a decreased metal
interaction energy of —0.66 eV.

aiMD calculations were performed for the most stable
4 atom structure of each metal-monolayer combination.
For Co on WS,, the introduction of temperature drives
a change in morphology from 3D to 2D. After ~ 1.25
ps, the Co atom at the apex of the tetrahedron migrates
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Figure 8: Examples of Ru adsorption structures contain-
ing 4 atoms. Tetrahedron adsorption structure at site M,
the most stable Ru 4 atom structure on each monolayer
(top). Ru structure forming a sulphur vacancy (bottom).
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Figure 9: Migration path of the centre of mass of Ru
tetrahedron from 15 ps aiMD simulation on WSe,.

to adsorb directly on the monolayer. It is initially at a
Bridge site. Then after a further ~ 1.25 ps, it migrates
to an adjacent site M and remains there for the rest of
the aiMD. All other metal atoms in the cluster remain
at their interaction site - the most stable M site - on the
WS, over the course of the aiMD.

The final frame of the MD was then relaxed and the
computed binding energy is —3.52 eV, which is 0.15 eV
more stable than the DFT relaxed structure. This once
again shows that both 2D and 3D morphologies have
competitive binding energies for a range of Co nanoclus-
ter adsorption structures. It also further indicates that
the presence of chalcogen vacancies can promote 2D clus-
ter morphology, but that temperature also plays a key
role in the preferred nanocluster structures.

This also highlights that dynamic behaviour of ad-
sorbed metal nanoclusters is critical as the exploration
of a wider configuration space with even short dynamics
simulations can lead to new and more favourable adsorp-
tion modes that are not accessible to 0 K relaxations; the
latter would indicate that Co adsorption on WX, has a
slight preference for 3D morphology.

The initial structure of Co on WSe, has all atoms
adsorbed at interstitial sites on the monolayer. The
introduction of temperature to this structure does not
cause the Co atoms to migrate from these sites, with 4
Co atoms arranged as two Co dimers, with Co-Co dis-
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tances of 2.48 and 2.46 A initially at interstitial sites
throughout the simulation. Two selenium atoms neigh-
bouring each Co dimer migrate above the Co atoms over
the course of the aiMD, leaving two vacancy sites in the
monolayer, see figure 7 (e). The first selenium starts
migrating after 3.5 ps, with the second migrating after
7.5 ps. These selenium atoms then remain near the Co
dimers during the remainder of the simulation. The fi-
nal frame of this structure was also relaxed and has an
adsorption energy of —3.36 eV, which is 0.19 eV more
stable than before the chalcogen vacancies were formed.
Although this energy gain is small, the vacancy formation
through chalcogen migration can have a strong influence
on morphology and film quality, especially if chalcogen
atoms intermix into the metal thin film.

Co on WTe, has two Co atoms present at the inter-
stitial sites, with the other two Co atoms adsorbed on
the monolayer at sites H and B. After ~ 1.8 ps of the
aiMD, the atom at B migrates to the neighbouring site
M. Similar to single atom aiMD of Ru on WTe,, the mi-
gration of Co to this site then causes the displacement of
the tungsten atom under this Co atom to form a locally
orthorhombic structure. This allows both atoms initially
on the monolayer to migrate to interstitial sites after
~ 2.5 ps. Interestingly, from ~ 4 — 5 ps after the start
of the aiMD, this tungsten atom then returns to its orig-
inal site, thereby transitioning from orthorhombic back
to the original hexagonal structure. After 5 ps however,
two tungsten atoms neighbouring the Co atoms at sites
I displace from their hexagonal position to again form a
locally orthorhombic structure for the remainder of the
aiMD. The displacement of two tungsten atoms forms a
large void in the monolayer in which the Co atoms reside.
The dynamics then promote atom migrations that open
up the WTe, monolayer to incorporate Co atoms.

The final frame of this simulation was relaxed and has
an adsorption energy of —4.33 eV, 1.18 eV more stable
than the initial relaxed structure. This is far more stable
than any other Co structure found on WTe, indicating
that at typical process temperatures, Co clusters may
not be stable on 2H-WTe,, but rather may cause local
distortions in the monolayer, changing the structure from
hexagonal to orthorhombic near the Co clusters.

On all monolayers the most stable Ru nanocluster was
a tetrahedron adsorbed at site M. On WS, and WTe,,
this cluster remains adsorbed at this site for the en-
tire simulation, with no clear atom migrations from the
monolayer. On WSe,, the Ru cluster remains at its initial
site for ~ 8.5 ps, after which point it begins to migrate
across the monolayer. As it migrates, the cluster itself
begins to rotate so that it “rolls” across the monolayer.



This difference in behaviour between the three monolay-
ers likely occurs as adsorption energy of this cluster to
the selenide monolayer is ~ 0.3 eV smaller compared to
the same cluster on the sulphide or telluride monolayer.
Although we have shown that single adatoms and
dimers of Ru have a propensity to adsorb at site I and
promote chalcogen migration, this is not seen in the dy-
namics of these tetrahedron 4-atom nanoclusters. This
arises from the very large metal-metal interaction ener-
gies of the tetrahedron structure maintaining the cluster
structure, and the barrier to form vacancies or dissoci-
ate the cluster is not overcome at this temperature or
timescale. Exploring longer time dynamics would require
machine learning simulations or classical molecular dy-
namics which are beyond the scope of this work.

3.4 Bader Charge Analysis, Electronic
Density of States, and Evolution of
Magnetic Moments

Computed Bader charges for examples of metal adatom
adsorption and metal nanocluster adsorption are shown
in table 3. The Bader charges show that the charge trans-
fer behaviour of both metals is largely dependent on the
monolayer to which the metal atoms are adsorbed. For
WS, structures in which sulphur migrates off the lattice
site (denoted by “vac”, table 3), Co and Ru are oxidised,
with a charge transfer of 0.4 and 0.2 electrons to the
monolayer. On the selenide and telluride in the most
stable I site, Ru is partially reduced.

For the 4 atom nanocluster, Co on the selenide mono-
layer shows little charge transfer and Ru on the sulphide
shows partial oxidation of the three metal atoms bound
to the monolayer, while the apex atom remains metallic.
This behaviour is typical for adsorbed tetrahedron clus-
ters’”°". Finally, for Co on WS, with sulphur migration,
there is clear oxidation of the Co atoms, with changes in
charge of -0.2 or -0.4 electrons.

From density of states calculations (Supporting
Information Table S7), we see that adsorption of metal
atoms leads to the formation of local electronic states
within the energy gap of each TMD monolayer. From
the example of Co adsorbed onto WS, in figure 10, we
see that the adatoms introduce states crossing the Fermi
level for structures that both do and do not induce a
sulphur migration out of the monolayer. This likely
arises due to WS, partially oxidising the adsorbed Co
atoms and is in line with our previous work on Cu, Co
and Ru adsorption on MoS,*”°". The band edges of
each monolayer are not affected however. From figure
10, we see that this is only a local perturbation of the
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Figure 10: Total (summed over all orbitals) projected
density of states of Co adatoms, nearest neighbours, and
atoms far from the adsorbed Co atoms. Although Co
atoms induce states crossing the Fermi level, this is only
a local perturbation. DOS corresponds to Co-S-M (top,
figure 2 (a)) and Co-S-Htet-vac (bottom, figure 7 (a)).

monolayer with the density of states for atoms remote
(further than 5 Afrom adatoms) from the nanocluster
being unaffected. = Furthermore, excepting the new
localised states, the overall valence and conduction
band structures are unaffected when comparing to those
of the pristine monolayer (figure S16). This demon-
strates that adsorption of Co onto these monolayers
can induce local metallisation which is important for
carrier injection, without having an adverse effect on the
overall semiconducting properties of the WX, monolayer.



Table 3: Change in Bader charge AQ for selected ad-
sorption structures.

Structure Atom 1 Atom 2 Atom 3 Atom 4
Single metal adatom

Co-S-M —-0.4

Ru-Se-I 0.1

Ru-Te-1 0.4

Ru-S-I-vac —0.2

Four-atom nanocluster

Co-S-Htet-vac —-04 —0.2 —0.4 —-0.4
Co-Se-Hline 0.1 0.1 0.0 0.1
Ru-S-Mtet —0.2 —0.2 —0.2 0.1

AQ = Qpader — Qvalence, the change in Bader charge
relative to the neutral-atom valence (electrons). Struc-
tures are labelled Metal-Chalcogen-Site; “vac” denotes
a chalcogen migrated from its lattice site; “tet” and
“line” the tetrahedron and line geometries. For nan-
oclusters AQ is given per metal atom.

3.4.1 Spin behaviour

We explore the relationship between spin state and
atomic moment for both Co and Ru. Total magnetic
moment for single atom adsorption can be found in table
4, with the atom projected moments for these structures
in tables S8 and S9. As the WX, monolayers do not
carry a moment on any atom, the net magnetic moment
of each adsorption structure can be attributed to the
metal species on the monolayer. For Co in particular,
we also compare the adsorption energy of fully relaxed
structures, to structures where the total magnetic mo-
ment has been fixed to a high spin state, where each Co
atom has a total moment of 3 up, as in a free Co atom.

For single atom adsorption (table 4), we find that the
high spin state of Co is generally retained at weakly
bound sites X and H. At strongly bound states M and
I the total magnetic moment of Co is lowered to ~ 1ug.
When comparing the adsorption energy of these configu-
rations to relaxation where the moment is fixed at 3ug,
the low magnetic moment structures have a stronger ad-
sorption energy of between 0.61 and 1.05 eV. Notably,
Co at site X on WS, relaxes to have a moment of 1 ug
as opposed to 3 up. The difference in energy between
the low spin and high spin state is only 0.13 eV, much
smaller compared to adsorption of Co at sites M or I
This is likely as the overall weaker bonding at this site
means that a change in spin has a smaller effect on the
overall binding energy. For single Ru atoms we find that
the total moment on the Ru atom is 2 up for sites where
the Ru atom sits on the monolayer. For sites in which
the Ru atom is in, rather than above, the monolayer the

net moment on the atom is 0 pup. This occurs at site I on
WSe, and WTe,, or for structures where Ru generates a
chalcogen vacancy and occupies the chalcogen site.

The correlation between total moment and adsorption
site becomes less clear once cluster size increases. For
dimer adsorption, total moment is still generally depen-
dent on the sites the individual Co atoms occupy, how-
ever it is not directly correlated. For example, for sepa-
rated Co atoms at site X on WTe,, the total moment is
2 pp rather than the expected 6 up, as is seen on WS,
and WSe,. Furthermore, these Co atoms have antipar-
allel moments. Similarly separated Co atoms at site I
on WSe, have a total moment of 1.55 ug with antipar-
allel moments on each atom also. Ru dimers take on
total moments of 0, 2 or 4 up, all moments which arise
from combinations of the possible single atom moments
of Ru atoms (0 or 2 up). Despite this there is not a clear
correlation between adsorption site and total moment.

As with Co dimers, four atom Co clusters with both
parallel and antiparallel moments are stable. The most
stable 4 atom structure on WS, has ferrimagnetic-like
ordering, with moments on each Co atom being 0.39,
0.38,1.20, and —1.91 up, with the negatively aligned mo-
ment corresponding to the apex Co in the tetrahedron.
Once this structure is relaxed after aiMD, the moment on
each atom is altered significantly, with 1.56, 1.46, 1.56,
and 0.88 pp. This behaviour is also observed on WSe,
and WTe,, where clusters displaying ferromagnetic, ferri-
magnetic, and antiferromagnetic-like structures are sta-
ble (table S8). From this we see there is not a clear rela-
tionship between local magnetic moment and adsorption
site or nanocluster structure. However, a given nanoclus-
ter in which the spin is free to relax is generally more
stable than clusters having a fixed high spin state. For
Ru, all of the tetrahedron structures have a total mo-
ment of 2 up, with the apex atom having the largest
moment and the surface bound Ru atom’s moment re-
duced greatly in comparison to single atom states (see
table S9).

4 Conclusion

Understanding the fundamental interactions of metals
adsorbed on transition metal dichalcogenides is crucial
for enabling next generation technologies such as com-
plementary field effect transistors or chemical catalysts.
We have performed an extensive first principles DFT and
ab initio Molecular Dynamics study of the adsorption,
stability and dynamics of Co and Ru adatoms and small
nanoclusters on WSy, WSe,, and WTe, monolayers. By
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Table 4: Total magnetic moment of single-atom struc-
tures after relaxation.

Site WS, WSe,  WTe,
(lesl)  (usl)  (esl)
Co X 1.00 3.00 3.00
M 1.00 1.00 1.00
H 3.01 3.00 3.01
1 1.00 1.00 0.89
Ru X 2.00 1.99 1.97
M 2.00 2.00 2.02
H 2.00 2.00 2.00
1 2.00 0.00 0.00

investigating these metal-monolayer interactions at the
atomic scale, we have uncovered factors which affect the
initial stages of growth for Co and Ru films on tung-
sten TMD monolayers. By studying three monolayers
we illustrate the role that the chalcogen and the TMD
lattice parameter play in determining overall metal mor-
phology. Finally, by comparing our results to previous
work performed on Cu, Co, and Ru on MoS,, and Cu on
tungsten TMDs, we also gain insight into the role both
adatom and metal monolayer species play.

Single atom adsorption shows that ionic radius of the
adatom and lattice constant of the TMD both play a
large role. On WS,, the monolayer with the smallest
lattice parameter, site M is the most stable adsorption
site for all metals. As the lattice parameter increases, Co
and Ru metal adatoms show an increasing preference for
adsorption at the interstitial site I, which is facilitated
by the relative size of the adsorbed metal and the TMD
lattice.

As cluster size increases to multi-atom adsorption, we
find that both metal-substrate and metal-metal interac-
tion energy play a pivotal role in determining overall sta-
bility, unlike the behaviour seen with Cu on WX, where
metal-metal adsorption energy was the dominant driving
force for cluster stability. Although both energies play
significant roles, we find that the influence of the metal-
metal interaction is more significant for Ru adsorption
compared to Co, likely arising from the larger cohesive
energy of Ru compared to Co.

For both metals, we find that 2D and 3D nanocluster
adsorption structures are competitive in stability from 0
K DFT relaxations. As Ru adatom stability is largely
driven by metal-metal interaction energy, its preference
for 3D adsorption structures is more pronounced than
for Co. For Co adsorption there is a clear preference for
2D adsorption where atoms occupy site I, particularly
on WSe, and WTe, as the lattice parameter of these
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monolayers is large enough to accommodate the atoms
at this site.

Both metal atoms can promote chalcogen vacancy for-
mation. While this behaviour was seen during 0 K re-
laxations, aiMD reveals that at typical back-end-of-the-
line processing temperatures, both metals can promote
chalcogen migration, creating vacancies in the mono-
layer. This migration can lead to an increase in the
metal-substrate interaction energy and therefore can pro-
mote a 2D morphology. The metal adsorption-induced
chalcogen migration may, however, undermine the mono-
layer’s effectiveness as a barrier layer for interconnect
structures. In contrast, this rearrangement could be ben-
eficial for metal contacts as metal induced gap states
may reduce contact resistance if such states are formed
near band edges, rather than creating deep trap states.
Both metal atoms can also cause local phase changes in
hexagonal WTe, causing it to form a locally orthorhom-
bic structure. For all three monolayers these adsorbed
metals can greatly alter the structure of the monolayer
either through vacancy formation, interstitial adsorption
or local phase change.

Supporting Information

Single-, two-, and four-atom adsorption geometries for
Co and Ru on WS,, WSe,, and WTe, monolayers; dis-
aggregated adsorption energies for neighbouring, sepa-
rated, non-equivalent two-atom, and four-atom config-
urations; average metal-chalcogen bond distances for
single-atom adsorption; total and atom-projected mag-
netic moments for Co and Ru adsorption structures;
spin-state energy differences between spin-relaxed and
fixed high-spin states; electronic densities of states for
selected Co and Ru structures; plane-wave energy cut-off
convergence for the ab initio molecular dynamics calcu-
lations.
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