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1 Introduction

Structure and stability of copper nanoclusters on
monolayer tungsten dichalcogenides

Michael Sweetman, &' Cara-Lena Nies® and Michael Nolan =) *

Layered materials, such as tungsten dichalcogenides (TMDs), are being studied for a wide range of appli-
cations, due to their unique and varied properties. Specifically, their use as either a support for low dimen-
sional catalysts or as an ultrathin diffusion barrier in semiconductor devices interconnect structures are
particularly relevant. In order to fully realise these possible applications for TMDs, understanding the inter-
action between metals and the monolayer they are deposited on is of utmost importance. The mor-
phology that arises due to given metal—substrate combinations determines their possible applications and
thus is a central characteristic. Previous theoretical studies typically focus on the effects which single
metal adatoms, or dopants, have on a TMDs’ electronic and optical properties, thereby leaving a knowl-
edge gap in terms of thin film nucleation on TMD monolayers. To address this, we present a density func-
tional theory (DFT) study of the adsorption of small Cu clusters on a range of TMD monolayers, namely
WS,, WSe,, and WTe,. We explore how metal-substrate and metal-metal interactions contribute to both
the stability of these Cu clusters and their morphology, and investigate the role of the chalcogen in these
interactions. We find that single Cu atoms adsorb most strongly to the adsorption site above the W atom,
however as nanocluster size increases, Cu tends to be adsorbed atop the chalcogen atoms in the mono-
layer to facilitate Cu—Cu bond formation. We show that Cu—Cu interactions drive the stability of the
adsorbed Cu nanoclusters, with a clear preference for 3D structures on all 3 monolayers studied.
Furthermore, significant Cu migration occurs during 0 K relaxation. This, combined with the small acti-
vation barriers found for Cu migration suggest facile and dynamic cluster behaviour at finite temperature
on all three monolayers. Finally, we find that Cu clusters are generally most stable on WTe, and least
stable on WSe,. This difference however is typically only in the range of 0.1 eV.

respectively.” These materials have a wide range of optical,®™*

electrical,">"* and mechanical properties."*™°

2D materials have become increasingly relevant in a wide
variety of research areas, ever since the initial exfoliation of
graphene in 2004." Since graphene’s discovery, many classes of
2D materials have been discovered, such as hexagonal-boron
nitride, MXenes and transition metal dichalcogenides (TMDs);
each with their own unique and distinct properties, and
applications.>™®

TMDs are a class of layered materials in which, similarly to
graphite, there are covalently bonded monolayers with van der
Waals interactions between layers to form layered bulk struc-
tures. Unlike graphite, where all atoms are in a single plane,
TMD monolayers consist of a covalent X-M-X “sandwich struc-
ture”, with X and M being the chalcogen and metal species

Tyndall National Institute, University College Cork, Lee Maltings, Dyke Parade, Cork,
T12 R5CP, Ireland. E-mail: michael. nolan@tyndall.ie

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4dt02985b

This journal is © The Royal Society of Chemistry 2025

Properties of monolayer TMDs tend to differ from those of
their layered bulk structures.'”'® For example, bulk WS, has
an indirect bandgap, whereas monolayer WS, has a direct
bandgap.'® Furthermore, the properties of TMD monolayers
can differ dramatically depending on both the metal, chalco-
genide, crystal phase, and stacking pattern that is present.*’
For example, 1T-TiS, is metallic whereas 1T-TiSe, is a semi-
metal.>** This breadth of material properties leads to a diver-
sity of possible applications.

Tungsten TMDs (WS,, WSe,, WTe,; henceforth collectively
denoted as WX,) are important for applications in catalysis,** >
optoelectronics,>®*’ spintronics,***° gas sensors,’*>> antibacter-
ial activity,**** etc. Moreover, there are a wide range of methods
available to synthesise these materials such as chemical vapour
deposition,®™’ atomic layer deposition,*®*° and exfoliation.*’
This makes tungsten TMDs useful as engineering materials,
rather than just as simple model systems.

Many technologies, including energy conversion and elec-
tronics, are dependent on metals deposited onto substrates.
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The resulting morphology of the metal on the substrate deter-
mines the possible application of metal-substrate combi-
nations.*! For example, metals which wet a surface and can be
deposited in a flat, non-island morphology, are needed as con-
ducting metals for interconnects in semiconductor devices.*?
This is particularly relevant as TMDs have shown promise as
diffusion barriers for Cu in CMOS interconnect structures,
allowing for atomically thin barriers which can maximise the
volume of the interconnect metal in vias. This is important for
next generation technology nodes such as Gate-All-Around and
Complementary Field Effect Transistors, as it would keep line
resistance low while allowing downscaling of CMOS
structures.**™*” Furthermore, metals which do not wet the
surface, but rather form 3D clusters when deposited, have
applications in catalysis due to their large surface to volume
ratio, providing a large number of active sites.*® While TMDs
have shown promise for the hydrogen evolution reaction, the
basal plane of the monolayer remains practically inert.”°
Augmenting TMD monolayers with metal nanoparticles may
provide a path to increase the capabilities of TMDs as
catalysts.>*> Therefore, strategies are needed to predict mor-
phology of deposited metals on TMDs which can enable next
generation interconnects or active catalysts for energy conver-
sion chemistry.

Current literature concerning modification of tungsten
TMD monolayers with metals typically investigates the effect of
either doping, or adsorption of metals. Studies concerning
monolayer doping, generally where metal atoms substitute a
chalcogen atom in the monolayer, investigate the dopant’s
effects on electronic and magnetic properties (Mn, Fe, Co, and
Ni doped WS,),>** optical properties (V on WSe,),”® and gas
sensing (Cu, Co, Rh, Ir doped WS, and Ni doped WTe,).>’°
There are also studies concerning doping at the metal rather
than the chalcogen site in TMD monolayers (Re, Au, or W
doping MoS,),°*®" however these studies are less widespread.

Similarly, studies concerning metal adsorption are largely
focused on the effect of single atom adsorption, and investi-
gating its influence on various properties such as electronic
properties (Cr, Mn, Fe, Co, Ni, Cu, etc. on WS,, Pd on
WSe,),*>® spintronics (3d transition metals on WS,),°® and
gas sensing (Pd, Ag, Au, Pt on WSe,, Na, Li, Pd on WTe,).®”""°

As current literature concerning metal adsorption onto
tungsten TMD monolayers largely investigates the effects of
single metal atom adsorption, it is clear that there does not
exist a comprehensive insight into the behaviour of metals at
the early stages of nucleation or a prediction of overall mor-
phology of metals on the TMD monolayers of WS,, WSe,, and
hexagonal WTe,. It is also important to understand any role
played by the TMD in controlling the metal morphology which
is lacking to date.

Building on work in ref. 71 and 72, this study provides an
atomistic description of copper nanocluster (Cu,, n = 1-4)
adsorption onto three different tungsten dichalcogenide
monolayers. Descriptors such as the copper-surface and
copper-copper interaction energies provide an understanding
of the nanocluster adsorption structure, and can be used to
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predict the final morphology of copper thin films on these sur-
faces. For example, our previous work on the morphology of
Cu clusters on MoS,’" and TaN”* shows that if the copper-
surface interaction is larger than the copper-copper inter-
action, then 2D growth of the metal can be expected, with 3D
growth expected if the copper—copper interaction energy is
larger than the copper-surface interaction energy.”*
Furthermore, if the metal adsorption energy is larger than the
cohesive energy of the corresponding bulk metal, than 2D
growth is expected.”

Moreover, if the metal-metal interaction energy is larger
than the metal-surface interaction energy, increasing tempera-
ture for this metal-substrate combination would tend to
promote 3D growth and island morphology. However, increas-
ing temperature for combinations where the deposited metal
has a larger metal-surface interaction energy, would promote
2D growth of the metal.

By comparing adsorption across three different WX, mono-
layers in the same hexagonal structure, the effect of the chalco-
gen atom on the stability of copper clusters and the resulting
morphology (2D or 3D) can be investigated. The results of this
work show that the stability of copper clusters on WX, mono-
layers is mainly driven by the copper-copper interaction, with
a clear preference for 3D morphology. Furthermore, the chal-
cogen species present in the WX, monolayer has a negligible
effect on adsorption energies, particularly as cluster size
increases. The key factor for Cu morphology is its weaker
copper-surface energy, compared to its copper-copper inter-
action energy.

2 Computational methods

All calculations were performed with density functional theory
(DFT) using the Vienna Ab initio Simulation Package (VASP)
version 5.4.4.7° Periodic three-dimensional boundary con-
ditions were applied, and the spin-polarized general gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof
(PBE) approximation to the exchange-correlation functional
were used to describe the system.””

The valence electrons were described explicitly using a
plane-wave basis set with an energy cut-off of 450 eV. The
valence electron configurations used for the chemical species
are: W = 6s' 5d% Cu = 4s" 3d'%; S = 3s® 3p*; Se = 4s 4p*; Te =
5s 5p*. The core electrons were described using the projector-
augmented wave potential (PAW).”®’® A Monkhorst-Pack
k-point grid of 2 x 2 x 1 was used. All forces acting on the
atoms were converged to within 0.02 eV A™", with convergence
criteria for energy minimisation set to the default value of 10~*
for geometry relaxations. A Methfessel-Paxton smearing of
order 1 was used and no symmetry was applied. We use a
Gaussian smearing of ¢ = 0.1 eV. A vacuum greater than 17 A
was applied to separate the repeating images for the mono-
layer along the z direction.

Activation energies for atomic transitions were calculated
using the climbing image nudged elastic band method

This journal is © The Royal Society of Chemistry 2025
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(CI-NEB) with 5 images, including starting and ending struc-
tures. The convergence criteria in the CI-NEB are 0.02 eV A™".

Vibrational analysis and ab initio molecular dynamics were
used to determine the stability of single atom adsorption at an
adsorption site (vide infra). Vibrational analysis was performed
by computing second-order force constants using finite differ-
ences, with no symmetry imposed. The convergence criteria
for energy minimisation was set to 10”7 eV to ensure accuracy.
Only sulphur atoms directly below the adsorbed Cu atom, the
three nearest W atoms to the Cu, and the Cu atom itself were
not frozen in this analysis. The molecular dynamics simu-
lations were performed in the NVT ensemble with an energy
cutoff of 250 eV, and temperature of 100 K. A timestep of 2.5 fs
for 2000 steps was used resulting in an overall simulation time
of 5 ps.

Similar to previous wor we use a 5 x 5 x 1 supercell of
WX,, where X is either S, Se, or Te, with 75 atoms in the super-
cell. These WX, monolayers have the same hexagonal structure
as MoS, monolayers, only differing by lattice parameter and
the metal-chalcogenide bond length.

For each monolayer @ = # = 90°, y = 120°. For WS,, WSe,,
and WTe, respectively: a = b = 1591 A, ¢ = 21.02 A; a = b =
16.58 A, c = 21.40 A; and a = b = 17.76 A, ¢ = 23.46 A. The opti-
mised geometries have W-chalcogenide bond lengths of
2.42 A, 2.55 A, and 2.74 A for the sulphide, selenide, and tellur-
ide respectively. These values agree well with previous theore-
tical values for the tungsten chalcogenide bond length in
these structures.”® '

van der Waals (vdW) corrections were not used in this study
as we have previously shown that vdW interactions do not con-
tribute significantly to the stability and optimised geometry of
metal clusters on TMD monolayers.”” Structures were visual-
ised using the atomic simulation environment (ASE) and
VESTA.*>%

The majority of TMDs have a stable 2H phase at room
temperature, WTe, however, only has a metastable 2H phase,
with its orthorhombic 1T and 1T’ being the more stable
phases at ambient conditions.*>®> Despite this, we are only
investigating WTe, in its metastable 2H phase. Hexagonal
WTe, has unique properties compared to its orthorhombic
phase which makes it particularly interesting in its use as a
channel material for tunnel field-effect transistors.®® There is
research on the interactions of these WTe, monolayers with
bulk metals.’” However, this does not provide insight into the
early stages of metal nucleation, but only describes whether
such an interface is energetically stable. Furthermore, there is
some initial work on the use of WTe, as a gas sensor in its hex-
agonal phase,*®”*®® however this focuses only on doping of
the monolayer and thus the behaviour of adsorbed metal clus-
ters on 2H WTe, is still unknown. Moreover, by studying WTe,
in its 2H phase, direct comparisons between metal adsorption
on all three surfaces of the same phase can be made, due to
the equivalent crystal structures.

To understand Cu adsorption, and predict the likely nuclea-
tion mechanism of Cu on each WX, monolayer, we compute
three different types of energy according to previous work’>7*

k69,72
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1. The binding energy per copper atom:

Etotal - (Emonola er + nECu_atom)
Ebind/atom = r}l] (1)

where E. is the total energy of relaxed Cu, (n = 1-4)
adsorbed on the TMD monolayer. Emonolayer 1S the energy of
the bare monolayer, and nE¢,_atom is the energy of a single gas
phase copper atom multiplied by n, the number of copper
atoms adsorbed on the surface.
2. The interaction energy between adsorbed copper atoms,
referred to as the metal-metal interaction energy:
Emetal_cluster - nECu_atom

Emetal—metal = n (2)

where Epetal cluster 1S the single point energy of the relaxed,
surface bound Cu, nanocluster structure in vacuum, with n
being the number of copper atoms in this cluster.

3. The binding energy with reference to free Cu, cluster
(Emetal_clusters S€€ €qn (2)), also referred to as the copper-sub-
strate interaction energy:

Etotal — (Emonolayer' + Emetal_cluster)

3)

Emetal—substrate = n

Here Enonolayer iS the single point energy of the monolayer
with no Cu, in its relaxed structure. We use this energy, rather
than the monolayer energy used in eqn (1), as the adsorption
of atoms introduces a local strain and distortion to the mono-
layer. Due to this local strain caused by the adsorbed species,
the total energy of the monolayer will be altered from that of
the bare monolayer.

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

Ebind/atom = Emetal—surface + Emetal—metal + Edistortion (4)

where

Emonolayer' - Emonolayer

n

Edistortion =

3 Results and discussion

To investigate the early stages of Cu nucleation on these TMD
monolayers, Cu,, (n = 1-4) nanoclusters are adsorbed onto the
TMD monolayers on different sites and in different mor-
phologies. Binding energies for each structure are calculated
using eqn (1) and shown in Tables 1 and 2. Metal-substrate
interaction energies are calculated using eqn (3) and shown in
Table 3. Furthermore, metal-metal interactions energies are
calculated using eqn (2) and shown in Table 4.

As in previous work involving nanocluster adsorption onto
TMD surfaces,”"”? three stable, non-equivalent adsorption
sites exist on the TMD monolayer. Atop-X, where Cu adsorbs
directly above the chalcogen; Atop-M, where Cu adsorbs above

Dalton Trans., 2025, 54, 3833-3846 | 3835
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tungsten so that the adsorbed atom is coordinated to three
chalcogens; and Hollow, where the adatom is coordinated to
three chalcogen atoms but where there is no W underneath
the adsorbed species. In addition to this, we define the adsorp-
tion site Bridge, where a Cu atom is adsorbed at a bridging
site between two chalcogen atoms. These sites are shown in
Fig. 1. For the sake of brevity, reference to which site a Cu
cluster is initially placed will be referred to as X, M, H, or B for
Atop-X, Atop-M, Hollow, and Bridge respectively.

Due to the large number of geometries investigated (111
initial structures), we show only those directly relevant to the
discussion. A complete set of figures for all optimised geome-
tries is provided in the ESI.{

As we are interested in the morphology of adsorbed copper,
we distinguish between 2D and 3D structures. A structure is
considered 2D if all Cu atoms are bound to the WX, monolayer
(X being S, Se, or Te). In a 3D structure however, at least one
Cu atom is not bound to the monolayer, but only to other Cu
adatoms.

For the sake of clarity, structures are referred to by their
initial configuration, rather than their fully relaxed configur-
ation. Furthermore the monolayer to which metal atoms are
adsorbed will be denoted by the chalcogen species as a prefix
in the label, e.g. S-Neighbour-X is a Neighbouring (vide infra)
configuration starting at site X on WS,. This allows for easy
reference to the ESI,{ which contains images for all final struc-
tures. It should be noted that due to the significant amount of
adatom migration which often occurs during relaxation, the
starting structure name may not describe the fully relaxed con-

Table 1  Eping/atom fOr single atom adsorption onto each monolayer (in eV)

X M H B
WS, —0.68 -1.03 -0.91 —0.85
WSe, —0.59 —0.94 —0.86 -0.78
WTe, —0.66 -1.13 -1.09 —0.95
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figuration. Nonetheless, this approach allows for a consistent
description of copper-TMD adsorption structures. It is also
important to note that different starting configurations may
relax to the same final configuration, resulting in identical
relaxed configurations being referred to by different initial
labels.

Condensed tables of energies (Tables 2-4) are shown in this
paper, where energies for the resulting configurations are
referred to by a single starting structure label. This does not
indicate the number of starting structures which result in the
same relaxed configuration, and therefore have the same or
similar energies. If identical relaxed configurations have
slightly different energies, the binding energy which is the
largest, and the metal-substrate and metal-metal interaction
energies calculated for this binding energy are shown. Note
that the largest differences in binding, metal-surface, and
metal-metal energies for the same adsorption modes are 0.05,
0.04, and 0.06 eV respectively. A full table of energies for each
configuration can be seen in the ESI, Tables S1-S4.f

3.1 Single atom adsorption

Single Cu atoms adsorb exothermically at each adsorption site
across all three of the TMD monolayers studied; see Table 1.
For all three monolayers, M is the most stable adsorption site,
followed by H, B, and then X. This trend was also observed
with Cu adsorption onto a monolayer of MoS,.”*

For single atom adsorption, increasing the number of Cu-
surface bonds increases the overall stability of the adsorption.
At site X, which is the least favourable site, the Cu adatom is
bound to a single chalcogen atom. B, where the adatom binds
to two chalcogenide atoms, is the second least stable site on
each monolayer. M and H allow the Cu adatom to bond to
three chalcogen atoms, and are therefore the two most stable
adsorption sites for single atoms. M is likely the most stable of
all four sites as the presence of an atom here is a continuation
of the WX, crystal structure. Interestingly, as the size of the
chalcogen species increases, the difference in stability between

Site X on WS, Site M on WSe,

Site H onWTe, Site B on WS,

—0.68 eV
r Y Y Y Y Y Yy

—1.03 eV

Y Y99 99YYY Y

—0.91 eV

b 4 b 4 h A A 4 Y Y 3 Y_YVT

—0.85 eV

Y Y Y Y Y Y

IR AL AANAE
1% 20 2020 2a- e an
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Fig. 1 Adsorption of a single copper atom at each adsorption site. Eping/atom Shown in eV. In this and all other figures showing optimised showing
optimised geometries. Although adsorption at site X is not stable, it is shown illustrate Cu placement at site X. Atomic colours are as follows: grey =

W; yellow = S; blue = Cu.
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M and H decreases, with the difference being 0.12, 0.08, and
0.04 eV on the sulphide, selenide, and telluride respectively.

Single atom adsorption on the WTe, monolayer is the most
energetically favourable, followed by adsorption on WS, and
then WSe,. The exception being that the X adsorption is stron-
gest on WS,, followed by WTe, and WSe,. It should be noted
however, that the difference in stability between the three
monolayers is not significant, with a typical magnitude of
~0.10 eV.

As we have been able to disaggregate the overall adsorption
energy of each cluster, we are interested in relating geometric
parameters including Cu-Cu and Cu-X (X = S, Se, Te) distance,
to the metal-metal and metal-surface interactions respectively.
We have found that the relationship between Cu structure and
metal-metal interaction energy is largely dependent on the
specifics of each cluster type, whereas the relationship
between Cu-X (X = S, Se, Te) bond and metal-surface inter-
action is not dependent on cluster type.

In general, there is no correlation between shorter bond
lengths and a stronger metal-surface interaction. Rather, it is
the adsorption sites that determine the metal-substrate
energy. On all monolayers, single atom adsorption has a short-
est Cu-X bondlength at site X, with this length increasing at
sites B, M, and H respectively. These distances range from 2.19
to 2.39 A on WS,, 2.35 to 2.55 A on WSe,, and 2.52 to 2.67 A on
WTe,. Cu-X bond lengths for Cu adsorption presented in this
work are similar to Cu,X bulk structures, with Cu,S having
Cu-S bond length of 2.34 A% Cu,Se have Cu-Se lengths
between 2.49 and 2.51 A,°° and Cu,Te having Cu-Te lengths
between 2.61 and 2.67 A.”*

Using CI-NEB, the activation energies for Cu migration
between sites X, M, and H were calculated on all three mono-
layers. The activation barrier to transition from M to H is
essentially identical on all three monolayers, with an activation
barrier of 0.16 eV on the sulphide and selenide monolayers,
and 0.15 eV on the telluride monolayer. However, the acti-
vation energy to transition from H to M increases, albeit with
small absolute values, as the size of the chalcogen atom
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increases. On WS,, WSe,, and WTe,, the barrier becomes 0.04,
0.08, and 0.12 eV respectively. This is due to the relative differ-
ence in adsorption stability between M and H decreasing as
the size of the chalcogen atom increases, which can be seen
from the binding energies. These low barriers suggest facile
diffusion of a single Cu atom over the TMD monolayers, most
likely moving between these two adsorption sites.

No transition state was found for migration from X to either
M or H on any of the three monolayers, implying that the
relaxed structures for single atom adsorption at site X is not a
local energy minimum, but rather a saddle point. To further
probe the stability of this structure, vibrational analysis was
performed on the relaxed structure for single atom adsorption
at X on WS,. In doing this two imaginary vibrational modes
were found, with frequencies of —22.33 and —29.60 cm™". This
implies that this structure is a second order saddle point on
the potential energy surface, and therefore that this geometry
is unstable at finite temperature.

Finally, ab initio MD simulations were performed at 100 K
to investigate the adsorption dynamics at site X. Across all
three monolayers the adsorbed Cu atom migrates off site X in
under 500 fs. After this, the Cu atom stays adsorbed at the H
site on WS,, and M on WSe, and WTe,. This is consistent with
similar stability on these sites and moderate activation barriers
for Cu migration, and further shows that site X is not a stable
adsorption site for a single metal atom.

3.2 Two atom adsorption

Three different initial configurations were considered for two
atom adsorption on each monolayer. The first configuration,
labelled as Neighbouring, has Cu atoms adsorbed at nearest
neighbour equivalent sites. The second configuration, labelled
as Separated, has Cu atoms arranged at equivalent third
nearest neighbour sites with no Cu-Cu bonds. The final con-
figuration, labelled Non-Equivalent, has Cu atoms located at
second nearest neighbour non-equivalent sites, in differing
permutations (X-M, X-H and M-H, see Fig. 2).
All relaxed structures are shown in Fig. S2-54 in the ESL7

Both Cu at site X Cu at site X and M

Cu at site X and B Site Cu at site H and M

a) —1.50 eV b) —1.49 eV

YYYYYYY YYYYY‘I’Y
99 e e ety | et e e e ey
IR AXNARASASANE
e e e e ey | el e e e ey
1880888 NMBEXS SN
SApasssliapasansa,

QGGG

c) —1.48 eV d) —1.03 eV

Y Y Y Y Y Y Y Y Y Y Y Y Y

N AR A ANLTAENE LA AN
o9 o o e e e | el e e e e e ™
ARG ANANARE L\ N
ARG 08MB AN LASN
TR e e e | el e e ey

(j;o ‘*O ‘*OWO “‘CO 0

Fig. 2 Panels (a)-(c) show the three configurations which 2 atom Cu clusters adopt. (d) Shows the local strain that adsorption at site H and M intro-
duce to the surface. Eping/atom Shown in eV. Colour scheme is identical to that in Fig. 1.

This journal is © The Royal Society of Chemistry 2025

Dalton Trans., 2025, 54, 3833-3846 | 3837


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt02985b

Open Access Article. Published on 28 January 2025. Downloaded on 4/6/2026 3:11:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Dalton Transactions

Paper
0.5-
HEl Metal-Surface
Metal-Metal
Em Distortion
0.0
S
o -0.5
L
-1.0-
-1.5-

XX XM

MM-sepl

XH MH

Starting configuration

Fig. 3 Decomposition of adsorption energy for 2 Cu atom adsorption on WS,, showing the competition between maximising metal-metal and
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Table 2  Eping/atom fOr each adsorption on the three monolayers (in eV)

#f Cu XX XM MH XH X-sep M-sep H-sep
2 WS, -1.50 -1.49 -1.03 —1.48 -0.67 -1.03 —0.96
WSe, —1.46 -1.47 —0.92 —1.46 —0.59 —0.94 —0.89
WTe, -1.57 -1.60 -1.18 -1.58 —0.65 -1.12 -1.12
Line-X -M -H Offset-X -M -H Triangle-X -M 3D-Triangle-X -M
3 WS, —1.64 -1.72 -1.71 -1.23 -1.34 — -1.68 -1.77 -1.76 -1.75
WSe, —1.60 -1.70 -1.66 -1.16 -1.26 —1.26 -1.61 —1.42 —1.68 -1.72
WTe, —1.69 -1.72 — —1.24 —1.38 -1.41 -1.70 -1.70 -1.74 -1.77
Wire-X -M -H Rhombus-X -M 3D-Rectangle-X -M -H Tetrahedron-X  -M -H
4 WS, -1.51 -1.89 -1.69 -1.93 —-1.94 -1.95 -1.78 — -1.87 -1.72 —
WSe, -1.45 -1.83 — —1.88 -1.90 -1.90 -1.74 — —1.80 —1.69 -1.70
WTe, —1.57 -1.61 -1.36 —1.98 -1.97 -1.95 -1.97 —1.90 —1.86 -1.80 —

Different starting structures can relax identical adsorption modes, albeit with slightly different energies. For these tables, the largest binding
energy for each adsorption mode, and its corresponding metal-surface and metal-metal interaction energies, is shown. Note that configurations
with no energy value given in these tables were used as starting structures, but have relaxed to a configuration already displayed, e.g. S-Offset-H

relaxes to a structure identical to S-Triangle-M.

3.21 2 Atom neighbouring site adsorption. For
Neighbouring adsorption two stable adsorption modes domi-
nate. On WS,, both S-Neighbour-X and S-neighbour-H relax to
a structure where the Cu adatoms are adsorbed at neighbour-
ing X sites. It is interesting that even though site H is more
stable than X for single atom adsorption, neighbouring
adsorption at H is an unstable structure, relaxing to form the
same configuration as S-Neighbour-X. This is likely as bond
formation between the two Cu atoms can be maximised with
both atoms adsorbed atop neighbouring chalcogenide atoms.

This shows that even for the smallest possible copper clusters,

3838 | Dalton Trans., 2025, 54, 3833-3846

the competition between Cu-Cu bonds and Cu-surface bonds
is dominated by inter-copper bonding, rather than copper to
surface bonds.

All Neighbouring adsorption on WSe, converge to the same
adsorption mode, with both Cu atoms adsorbed above neigh-
bouring selenium atoms. Energetically, all structures are iden-
tical on this monolayer, however, there are slight structural
differences between the three configurations, where Se-
Neighbour-M and Se-Neighbour-H are increasingly distorted
Se-Neighbour-X structures. Although both Se-Neighbour-M
and Se-Neighbour-H are more distorted than Se-Neighbour-X,

This journal is © The Royal Society of Chemistry 2025
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Table 3 Metal-substrate energies for all adsorption modes (in eV)
# Cu XX XM MH XH X-sep M-sep H-sep
2 WS, -0.37 —0.42 -1.41 -0.35 —0.67 -1.09 -1.01
WSe, —0.34 —0.39 —0.96 —0.34 —0.60 —1.00 —0.94
WTe, -0.44 -0.54 —-1.24 —0.46 —0.66 -1.18 -1.15
Line-X -M -H Offset-X -M -H Triangle-X -M 3D-Triangle-X -M
3 WS, —0.44 -0.51 —0.51 —0.47 —0.63 — —0.45 —0.56 -0.51 —0.53
WSe, —0.39 —0.48 —0.44 —0.41 —0.53 —0.54 —0.40 —0.21 —0.45 —0.55
WTe, —0.52 -0.57 — —0.49 —0.65 —0.66 —0.48 —0.50 —0.52 —0.56
Wire-X  -M -H Rhombus-X  -M 3D-Rectangle-X  -M -H Tetrahedron-X  -M -H
4 WS, —0.36 —0.39 -0.39 -0.34 —0.38 -0.35 -0.51 — —0.51 —0.41 —
WSe, -0.31 —0.34 — —0.29 —0.34 -0.31 —0.48 — —0.44 —0.37 -0.35
WTe, —0.44 —0.53 -0.85 -0.38 —0.41 -0.35 -0.53 —0.42 —0.49 —0.53 —
Table 4 Metal-metal interaction energies for all adsorption modes (in eV)
# Cu XX XM MH XH X-sep M-sep H-sep
2 WS, -1.14 —-1.12 —0.05 -1.14 0.00 0.00 0.00
WSe, -1.14 -1.12 —-0.04 -1.13 0.01 0.00 0.01
WTe, -1.14 -1.13 —0.04 -1.14 0.00 0.00 0.00
Line-X -M -H Offset-X -M -H Triangle-X -M 3D-Triangle-X -M
3 WS, —1.24 —1.24 -1.23 -0.77 —0.76 — —1.24 -1.24 -1.25 -1.25
WSe, -1.24 —-1.24 -1.24 -0.76 -0.76 —-0.74 -1.24 -1.23 —-1.24 -1.24
WTe, -1.24 -1.19 — -0.77 -0.77 -0.77 -1.25 -1.24 -1.25 —1.24
Wire-X -M -H Rhombus-X -M 3D-Rectangle-X  -M -H Tetrahedron-X  -M -H
4 WS, -1.15 -1.50 -1.33 -1.61 -1.57 -1.60 -1.30 — -1.37 -1.35 —
WSe, -1.15 -1.50 — —1.60 —-1.57 —1.60 -1.29 — -1.37 —-1.36 -1.36
WTe, -1.14 -1.13 —0.53 -1.61 —1.58 -1.61 —1.49 —1.49 -1.37 -1.36 —

the copper-copper bond length remains very similar across all
three configurations. The distance between Cu atoms is 2.25,
2.26, and 2.28 A for Se-neighbour-X, Se-Neighbour-M, and Se-
Neighbour-H respectively.

The interaction between the Cu adatoms has the largest
contribution to the stability of these nanocluster, with the
metal-metal interaction energy comprising almost 80% of the
total binding energy of these clusters (see Fig. 3 for decom-
posed energy plots). Therefore, a preservation of a similar Cu
bond length across all three structures is unsurprising as this
interaction drives the stability of the Neighbouring configur-
ations despite clear structural differences.

Similarly on WTe,, all Neighbouring adsorption configur-
ations relax to the configuration where Cu atoms initially
present at both M and H sites migrate to adsorb above the
chalcogen site, site X. As with both the sulphide and selenide
monolayer, all neighbouring adsorption modes have the same
binding energy on each respective monolayer. Similar to single
atom adsorption, the difference in stability between the three
monolayers is within the range of 0.10 eV. This shows that the
chalcogen species does not have a significant effect on the
adsorption stability.

This journal is © The Royal Society of Chemistry 2025

S-Neighbour-M forms the second structure seen in the
Neighbouring adsorption. This structure is unstable and
relaxes to the non-equivalent configuration S-Non-Equivalent-
XM. For the S-Neighbour-M relaxation, one of the Cu atoms
remains adsorbed at M while the second Cu atom migrates to
X. This migration likely occurs to reduce the distance between
both adsorbed Cu atoms, which then increases the stability of
the nanocluster due to the formation of a Cu-Cu bond.
The formation of this bond of course also increases the
metal-metal interaction energy. The distance between both Cu
atoms is ~0.1 A larger than the other Neighbouring structure.
This small difference means the structures have identical
energies.

The inter-copper distances for these clusters are smaller
than in bulk elemental copper. This is due to the nature of the
interaction of the cluster with the monolayer, combined with
the size of the Cu cluster. Previous work on the properties of
copper clusters has shown that a Cu dimer in vacuum is
expected to have an inter-copper distance of 2.25 A.°> As the
adsorbed 2 atom clusters are not interacting strongly with the
monolayers, their dimer structure does not deviate largely
from that of a Cu dimer in vacuum.

Dalton Trans., 2025, 54, 3833-3846 | 3839
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For all 2 atom clusters, the Cu-Cu distances of the Cu
dimers vary by only +0.09 A, from 2.25 A to 2.34 A. Similarly,
the range of metal-metal interaction energies for the Cu
dimers is quite small, all energies are within 0.02 eV (-1.12 to
—1.14 eV). Although bond strength and bond length can be
correlated, in considering the 15 Cu dimer adsorption struc-
tures on the three TMDs, there is no clear correlation between
inter-copper bond lengths and the computed metal interaction
energies. This is likely due to the extremely small ranges of
bond lengths and metal-metal energies for these dimers.
Moreover, the inter-copper distance is independent of the WX,
monolayer on which these Cu dimers are adsorbed.

Cu-X distances are between 2.25 and 2.44 A on WS,, 2.40
and 2.57 A on WSe,, 2.56 and 2.69 A on WTe, for Cu,
adsorption.

3.2.2 Separated. Unlike Neighbouring configurations, Cu
atoms do not migrate for the Separated adsorption modes.
Across all three monolayers, Separated adsorption configur-
ations follow the trends seen in the single atom configur-
ations, where Cu atoms adsorbed at M form the most stable
structure, followed by adsorption at H and then X. The
increased distance between the Cu adatoms causes them to
behave as independent single atoms, as can be seen from their
lack of a metal-metal interaction energy, see Table 4.
This trend is also clear in the binding energy per atom of
these Separated clusters, as the Neighbouring configurations
are significantly more stable than Separated and single atom
adsorption. There is no increase in binding energy for
Separated structures when compared to the single atom
adsorption. This further emphasises that metal-metal energies
are a driving force in cluster stability. It should be noted that
as Separated adsorption is equivalent to single atom adsorp-
tion due to an absence of inter-copper interaction, Separated
adsorption at site X is not a stable adsorption at finite
temperature.

Similar to Cu; adsorption, Separated configurations are
most stable on WTe,, then WS, and WSe,. However, on the
WTe, monolayer there is no longer any difference in stability
between atoms adsorbed at M and H.

3.2.3 Non-equivalent. For all three monolayers the behav-
iour of Non-Equivalent-XH is identical. In this configuration,
the Cu atom initially at site H, migrates to site B to reduce the
distance between Cu atoms, and form a copper—copper bond.
The migration of the Cu atom from H to site B results in it
bonding to two chalcogens rather than three. This shows that
even if the formation of a copper-copper bond leads to the
breaking of a copper-chalcogen bond, it still increases the
overall stability of the nanocluster.

On all three monolayers, Non-Equivalent configuration
Non-Equivalent-XM forms the same structure as the configur-
ation S-Neighbouring-M on WS,. The metal-metal interaction
energy for these Non-Equivalent-XM clusters are identical on
all three monolayers. The binding energy follows the same
stability trend as single atom adsorption, due to the metal-
substrate interaction energies being largest on WTe, and smal-
lest on WSe,.

3840 | Dalton Trans., 2025, 54, 3833-3846

View Article Online

Dalton Transactions

For the configuration Non-Equivalent-MH, both adsorbed
Cu atoms do not migrate during relaxation on all three of the
monolayers. The binding energy of this adsorption mode is
comparable to that of the Separated adsorption at M and H,
due to the fact that Cu atoms do not agglomerate to form
copper—copper bonds. This can be seen from the negligible
metal-metal interaction energy of this configuration across all
three monolayers.

On each monolayer, the metal-substrate interaction of Non-
equivalent-MH is larger than the binding energy. This arises
from the distortion term, Egistortion, Deing larger than the
metal-metal interaction energy for this configuration on all
monolayers. This distortion is caused by both Cu adatoms
being bonded to the same chalcogen, which lies between both
Cu adsorption sites. Although this is seen on both the selenide
and telluride monolayer, the monolayer is not strained to the
same extent. The increased atomic radius of both selenium
and tellurium, compared to sulphur means that much less
strain is put on the monolayer in order to accommodate this
adsorption mode. This is evident from small Egjsiortion Of only
0.08 and 0.10 on WSe, and WTe,, compared to 0.43 eV on
WS,. Interestingly, although the Cu-chalcogen bonds are
longest on the WTe, monolayer, the distortion caused by the
adsorbed atoms is slightly larger than that on the WSe, mono-
layers, again showing that despite an increased distance
between Cu and chalcogen atoms on WTe,, the interaction is
slightly stronger than that on WSe,.

In general, it is clear that the final adsorption site does not
have a large effect on the stability of the Cu cluster, but rather
the presence (or absence) of copper-copper bonds determines
the stability of the structure on the TMD monolayers. The pres-
ence or absence of copper-copper bonds is however largely
determined by initial adsorption site so that the initial adsorp-
tion site does play a role in determining final cluster stability.
Furthermore, there is still a small difference (typically <0.2 eV)
in stability between identical structures on the three different
monolayers, with WTe, forming the most stable adsorption,
and WSe, forming the least stable. This indicates that the
effect of the chalcogen on adsorption energy is minimal.

3.3 Cu; and Cu, adsorption

Four initial configurations were considered for adsorption of
three atoms: three configurations are initially 2D and the
fourth is a 3D structure. The three 2D structures are indicated
as Line, Offset (Fig. 4), and Triangle, whereas the 3D structure
is labelled as 3D-Triangle. Four initial configurations were also
considered for Cu,. Two structures are initially 2D, and the
remaining two structures are initially 3D. The two 2D struc-
tures are labelled as Wire and Rhombus, while the 3D con-
figurations are labelled as 3D-Rectangle and Tetrahedron.
Fig. 5 shows select relaxed Cuy clusters. All relaxed structures
for Cu; and Cu, are shown in Fig. S5-S11 in the ESL{

A clear preference for 3D structures over 2D structures is
shown in relaxed Cu; and Cu, adsorption configurations.
There are a combined 72 starting configurations, 45 of which
are initially 2D structures. Once fully relaxed however, only 24

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparing Offset adsorption for Cus, initially at site H on all three monolayers. Note that on WS, (a), the three Cu atoms agglomerate to
form a 3D triangular structure. On WSe; (b) and WTe; (c) the two neighbouring Cu atoms migrate to be adsorbed atop chalcogen atoms. Eping/atom
shown in eV. Colour scheme as in Fig. 1, furthermore, green = Se; purple = Te.
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Fig. 5 The 4 stable Cuy clusters found upon relaxation on WX,. From left to right the most stable to least stable structure (a > b > ¢ > d). Note that
the binding energy, and the metal-metal interaction energy is shown. Furthermore, a 2D adsorption mode of the Cu, cluster seen in (a) is also a
stable structure, whereas (b)—(d) only appear as 3D strucutres. Colour scheme as in Fig. 1.

structures remain 2D. 11 Cuj; structures transition from 2D to
3D and 10 Cu, structures transition from 2D to 3D, with none
of the 72 configurations transitioning from 3D to 2D. Of the 24
structures which remain 2D, only 11 of them contain an intact
Cu cluster (3 or more Cu atoms in a single cluster). The
remaining 13 structures are comprised of separated Cu; and
Cu, structures adsorbed on the monolayer.

For Cuj configurations, only 1 three-atom Cu cluster type
emerges, that being a triangular structure. For Cu, structures
however, 4 four-atom Cu cluster types emerge (see Fig. 5). For
both Cu; and Cu, relaxations, clusters of the same type (i.e.
same inter-copper arrangements) can differ by both adsorption
site and whether or not they have a 2D or 3D morphology. As

This journal is © The Royal Society of Chemistry 2025

discussed vide infra, the arrangement of Cu atoms with respect
to each other, rather than with respect to the monolayer, is the
main factor driving adsorption stability.

In comparing configurations with Cu; and Cu, atom clusters to
Cu; and Cu, atom clusters, the competition between maximising
metal-surface interaction energy and metal-metal interaction
energy becomes more prominent. Similar to 1 and 2 atom adsorp-
tion, configurations with 3 and 4 Cu atoms which maximise the
metal-metal interaction energy are the most stable adsorption
structures. Therefore, it is unsurprising that Cus and Cu, configur-
ations which relax to two atom and single atom adsorption (such
as Te-Wire-H, see Fig. S107) are the least stable configurations, due
to their smaller metal-metal interaction energies.

Dalton Trans., 2025, 54, 3833-3846 | 3841
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It is interesting to note that these 2D structures, while
having a smaller binding energy and metal-metal interaction
energy than the 3 and 4 atom clusters, have a larger metal-
surface interaction energy.

There is competition between maximising metal-surface
energies and metal-metal energies. However, the magnitude
of metal-metal interaction energies is much larger than that
of metal-surface energies, with the largest metal-surface
energy being —0.85 eV (Te-Wire-H) and the largest metal-metal
interaction energy being —1.61 eV (S-Rhombus-X).

This competition is most clearly seen with the Offset struc-
ture S-Offset-H (Fig. 4), which has large atomic migrations,
relaxing to a 3D 3-atom structure. During relaxation the single
separated atom is initially stable, whereas the two atom cluster
which was initially adsorbed at H migrates to neighbouring
sulphide atoms. In the formation of this cluster, the distance
between the two atom cluster and the single atom decreases.
Once this distance becomes ~3.3 A the single Cu atom begins
to migrate away from the initially stable H site to form a 3
atom cluster. Once this three atom cluster forms, the central
Cu atom rises upwards to form a 3D triangle structure
(Fig. 4(a)). )

This shows that once Cu atoms are within ~3 A, the
increase in stability caused by the formation of Cu bonds is
stronger than Cu interaction with the monolayer. On WSe, and
WTe, the distance between the single Cu atom and the two
atom cluster for Offset-H has a minimum distance of 4.97 and
5.41 A respectively, which is likely why a 3D structure does not
form here.

Although there is a clear preference for 3D morphology in
Cu;/Cu, relaxations, the difference in stability between 2D and
3D clusters is not significant at this cluster size. Rather, the
preference for 3D morphology is evident from the number of
3D structures after relaxation, and the larger magnitude of
metal-metal interaction energies compared to metal-surface
energies. For example, all Cu; which have 3 Cu atoms in a
single cluster have very similar binding energy, regardless of
whether they are 2D or 3D (typically less than 0.20 eV differ-
ence). This is due to the fact that these configurations form
the same copper triangle structure. These configurations then
have the same metal-metal interaction energy of about —1.24
eV. As discussed, the metal-metal interaction energy is the
largest contributor to binding energy and so overall there will
not be any significant differences in stability for these clusters
whether adsorbed 2D or 3D onWX,. Although, as discussed in
the introduction a metal-metal interaction energy which is
larger than the metal-surface interaction energy, will contrib-
ute to 3D growth. It should be noted that this triangular struc-
ture takes a C,, symmetry structure, which is the ground state
configuration of a neutral three atom Cu cluster in the gas
phase.”” The weaker metal-surface interaction presumably
permits this cluster structure to be particularly stable.

A noticeable exception to this however is Se-Triangle-M (see
Fig. 6). This structure has a dramatically reduced metal-
surface interaction energy, and forms the least stable of all
Triangle structures. The metal-substrate energy, is ~0.2 eV less
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Fig. 6 Triangular Cu structure adsorbed to a single selenide atom
onWSe;. Eping/atom Shown in eV.

for Se-Triangle-M compared to the other stable structure on
the selenide monolayer, whereas typical variations in metal-
surface energies due to changing adsorption site are less than
0.10 eV. In Se-Triangle-M, all three Cu atoms migrate to coordi-
nate above a single selenide atom, while remaining in a 2D tri-
angle structure, which is not seen on either the WS, or WTe,
monolayer. On WS, the sulphur atom is likely not large
enough to allow for coordination with three Cu atoms at once,
while the Te species is too large to allow this coordination.

For this adsorption, there is a markedly reduced metal-sub-
strate energy and an uncharacteristically long Cu-X bond
length (~2.77 A compared to ~2.35 A). For all other Cu, struc-
tures, Cu-X bond lengths and metal-substrate energies do not
deviate from those in Cu, or Cu, adsorption.

As with 2 atom clusters, we are interested in relating geo-
metric parameters to metal-metal and metal-surface energies.
For clusters in which three Cu atoms are bonded, all of which
form a triangular structure, there is a clear correlation between
(mean) bond length in the cluster and metal-metal interaction
energy. The mean Cu-Cu distance is calculated as the average of
the three Cu-Cu distances in the Cu triangle. We find that as the
Cu-Cu distance increases, the metal-metal interaction energy
decreases. We believe that this trend is observed for three atom
clusters due the larger range of Cu-Cu distances and metal inter-
action energies for these clusters: Cu-Cu distances have a range
of 0.30 A(2.36 to 2.66 A) and the metal interaction energies have a
range of 0.06 eV (—1.19 to —1.25 €eV).

This is a larger variation compared to 2 atom clusters
which arises due to the 3D triangle structures that form on
WTe,. As the lattice constant of WTe, is much larger than that
of WSe, and WS,, the distance between the two Cu atoms
adsorbed directly to the surface significantly increases (to
~3.2 A) compared to the 2D triangles on WTe, (~2.3 A) or any
of the triangle structures on WS, and WSe,, which have Cu-Cu
distances of ~2.3 A.

This journal is © The Royal Society of Chemistry 2025
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If only the 2D triangle clusters are considered, there is now
no clear correlation between mean bond length and metal-
metal energy. This is due to the fact that the ranges for both
mean bond lengths and metal-metal energy are too small to
show any effect (ranges 0.11 A, 0.02 eV). Moreover, similar to 2
atom adsorption, the monolayer on which these Cu dimers are
adsorbed on does not affect the inter-copper distance of 2D tri-
angles (or 3D triangles on WSe, and WS,).

Although generally the adsorption sites do not notably
affect the stability of the adsorbed cluster, not all adsorption sites
are equally stable. For example, site H is typically an unstable site
for multiatom adsorption; of the 24 configurations initially
adsorbed on this site, only 1 multiatom structures fully relaxes to
be adsorbed at this site, Te-3DRectangle-H.

As previously mentioned, 4 atom Cu clusters show a greater
preference for 3D growth than 3 atom clusters. Unlike Cus,
where there is only 1 distinct copper structure, that being a tri-
angular structure (both 2D and 3D), there are 4 unique 4 atom
Cu clusters (see Fig. 5). Similarly to 3 atom clusters, the most
stable of these structures are the rhombic structures that
resemble the D,y ground state configuration of a neutral four
atom Cu cluster in gas phase.’® Both 2D and 3D structures in
which copper atoms arrange in this manner have the largest
metal-metal interaction energies of all copper adsorption
structures. It is also interesting to note that all adsorption
modes with this structure are adsorbed at the chalcogen site.

For rhombic Cu, adsorption structures there is no clear cor-
relation between mean bond length and metal-metal energy.
This is likely due to the narrow range of average Cu-Cu dis-
tances (2.37 to 2.39 A) for these structures, the variation in the
metal-metal energies is also small, at 0.10 eV. However, two
distinct rhombic structures appear; these are either buckled or
unbuckled. As seen in the Fig. 7, there is a clear correlation
between “buckling” of these clusters, quantified by the di-
hedral angle (see Fig. S137 for description of how this angle is
measured), and the metal-metal energy.

Once this dihedral angle decreases to less than 180°, the
metal-metal energy of these clusters decreases. This is
expected, as the ground state of this rhombic cluster in
vacuum has a 2D structure, and any distortion of the geometry
reduces the interaction energy.

The Cu-Cu distances and metal-metal interaction energies
for the remaining 15 Cu, clusters do not have sufficient vari-
ation in both the metal interaction energy and the mean Cu-
Cu distance, or a large enough number of structures to be able
to draw meaningful correlation between geometric factors and
metal interaction energies within each cluster type.

As with Cu,, Cu,, and Cu; adsorption, it is the adsorption
site that determines the magnitude of the metal-surface
energy, not the Cu-X distance. With adsorption at site X
corresponding to the smallest metal-surface energies and
shortest bond lengths (between 2.16 and 2.32 A on WS,, 2.30
and 2.53 A on WSe,, and 2.46 to 2.67 A on WTe,). Moreover,
the largest Cu-X distances are found in clusters that adsorb at
site M, which also have the largest metal-substrate energies
(2.29 to 2.46 A on WS,; 2.42 to 2.56 A on WSe,; 2.56 to 2.80 A

This journal is © The Royal Society of Chemistry 2025
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all rhombic structures. The graphic in the bottom right displays dihedral
angle (see Fig. S137).

on WTe,). It is interesting to note that no Cu-X bond length
for Cuy, Cu,, or Cuz adsorption lies outside the ranges also
seen in Cu, adsorption.

The other stable structures are discussed in the ESL.}

To further investigate the preference for either 2D or 3D
Cu, structures on the TMDs, CI-NEBs were performed to find
the energy barrier when transitioning from 2D rhombic struc-
tures to a 3D tetrahedral structure, where both structures are
adsorbed to the monolayer at X and a copper atom bound to
the TMD migrates to the apex of the tetrahedral cluster. On
WS, and WSe, the computed activation barriers are 0.30 eV
and 0.37 eV. The activation barrier to transition from the 3D
tetrahedral structure to the 2D rhombic structure, that is Cu
migration onto the TMD, is 0.06 and 0.07 eV on the sulphide
and selenide, respectively. This is consistent with the 2D
rhombic cluster being more stable than the tetrahedral struc-
ture. Thus the activation barriers between different structures
on these TMD monolayers are relatively small, consistent with
the relatively weak copper-surface interactions. On the tellur-
ide monolayer, no transition state was found, implying that
the tetrahedral structure is possibly a saddle point. It should
be noted however that one configuration which began as a
tetrahedral structure on WTe,, relaxed to a rhombic structure
with three Cu atoms adsorbed to the surface (see Fig. S107).

4 Conclusion

Understanding how metal species behave, and what adsorp-
tion structures they form on transition metal dichalcogenides
is important for targered material design for many techno-
logies including catalysis, sensors and next generation transis-
tors. We have presented an extensive first principles DFT study
on the interaction of Cu, clusters, with n = 1-4, on monolayers
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of the TMDs WS,, WSe,, and WTe,, which show great promise
for many applications. The interaction of Cu with these mono-
layers at the sub-nanometre scale is required in order to under-
stand the fundamental interactions between Cu and WX,
monolayers, and their role in nucleation of metal films. By
investigating these interactions on three different TMD sub-
strates, the role of the chalcogen in these interactions can also
be understood. Furthermore, comparing these results to pre-
vious work on MoS, can reveal the role of the metal species of
the TMD.

We find that single atom adsorption follows the same
trends seen on MoS,,”" with absorption above W more favour-
able than adsorption at any other site. Adsorption on the tell-
uride monolayer is the most stable, followed by adsorption on
the sulphide and then selenide monolayer; however this differ-
ence in energy is typically less than 0.10 eV. Furthermore, the
adsorption energies on WX, monolayers differ typically by less
than 0.10 eV compared to identical adsorption modes on an
MoS, monolayer.”!

For multiatom adsorption structures, the metal-metal inter-
action is the dominant driving force for cluster stability. By
contrast, the metal-surface interaction energy has a signifi-
cantly smaller magnitude, and thus impact on all adsorption
configurations.

The weakest metal-substrate energies are found with con-
figurations that adsorb at site X, which have the shortest Cu-X
lengths. Moreover, the largest Cu-X distances are found in
clusters that adsorb at site M, which also have the largest
metal-substrate energies. The number of bonds that the
adsorbed atom forms with the monolayer is correlated to
adsorption stability (particularly for single atom adsorption),
with site M and H forming three bonds and being the most
stable, and site X forming one bond and being the least stable.
Furthermore, Cu-X distances for nanocluster adsorption is
comparable to Cu-X distances in bulk Cu,X for all monolayers.

A preference for 3D morphology is shown on all three
monolayers, likely as this makes it possible to maximise
metal-metal interaction energy by maximising the number of
Cu-Cu bonds and reducing the Cu-Cu distance in each bond.
This is also likely why, as seen on MoS,, as the cluster size
increases, clusters prefer to adsorb above the chalcogen site,
even though this is the least stable site for single atom
adsorption.

Although a clear preference for 3D structures is shown,
whether or not a structure is 2D or 3D tends not to determine
the magnitude of its stability, but rather the geometry of the
Cu cluster determines final stability. Multiatom clusters that
form geometries closest to the structure of ground state Cu,
clusters in vacuum form the most stable adsorption
configurations.

Furthermore, both the chalcogen present in the monolayer,
and the site to which the Cu,, structure is adsorbed does not
have a major effect in determining the final stability on any of
the monolayers presented in this study.

CI-NEB results shown that migration barriers between
adsorption structures on TMDs tend to be quite small across

3844 | Dalton Trans., 2025, 54, 3833-3846
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all three monolayers. In addition, many relaxations resulted in
large migrations of Cu across the monolayer. This implies that
motion of both single Cu atoms and Cu nanoclusters is likely
to be dynamic at finite temperature. This dynamic and facile
motion of metal atoms on WX, at finite temperature may sig-
nificantly affect deposition and growth processes, and will be
subject of further study.
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