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Abstract
Here, we present results of a computational and experimental study of adsorption of various
metals on MoS2. In particular, we analyzed the binding mechanism of four metallic elements
(Ag, Au, Cu, Ni) on MoS2. Among these elements, Ni exhibits the strongest binding and lowest
mobility on the surface of MoS2. On the other hand, Au and Ag bond very weakly to the surface
and have very high mobilities. Our calculations for Cu show that its bonding and surface
mobility are between these two groups. Experimentally, Ni films exhibit a composition
characterized by randomly oriented nanoscale clusters. This is consistent with the larger
cohesive energy of Ni atoms as compared with their binding energy with MoS2, which is
expected to result in 3D clusters. In contrast, Au and Ag tend to form atomically flat plateaued
structures on MoS2, which is contrary to their larger cohesive energy as compared to their weak
binding with MoS2. Cu displays a surface morphology somewhat similar to Ni, featuring larger
nanoscale clusters. However, unlike Ni, in many cases Cu exhibits small plateaued surfaces on
these clusters. This suggests that Cu likely has two competing mechanisms that cause it to span
the behaviors seen in the Ni and Au/Ag film morphologies. These results indicate that
calculations of the initial binding conditions could be useful for predicting film morphologies.
In addition, out calculations show that the adsorption of adatoms with odd electron number like
Ag, Au, and Cu results in 100% spin-polarization and integer magnetic moment of the system.
Adsorption of Ni adatoms, with even electron number, does not induce a magnetic transition.

Keywords: transition metal dichalcogenides, surface morphology, binding energy

1. Introduction

Research on two-dimensional layered materials has been a
driving force in condensed matter physics for some time.
One class of materials, the transition metal dichalcogenides
(TMDC) have attracted particular attention due in large part to
high tunability of their properties, e.g. bymechanical strain [1–
4], atomic intercalation and defects [5–8], chemical adsorption
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[9, 10], etc.Molybdenum disulfide, as a naturally available and
inert semiconductor, is one of the most studied TMDCs, with
many practical applications, such as hydrogen storage [11],
tribology [12], photovoltaic and catalytic applications [13, 14],
batteries [15], transistors [16], defect engineering [17], etc.

An important consideration for 2D compounds is how they
interact with other materials, especially at their interface with
metals. The van der Waals (vdW) terminated surfaces can
create interesting film growth behaviors that are critical for
understanding the potential device integration. Owing to their
weak bonding and large lattice mismatch with most metals, it
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is appropriate to examine the adsorption of various elements
on their surface [18–20]. In particular, adsorption induced
magnetic properties and metallic behavior has been reported
in graphene [21, 22] and MoS2 [9, 23, 24]. These and similar
reports indicate that the physical properties of vdW materials
are very sensitive to adsorption, e.g. one can control the band
gap and other properties of semiconducting TMDCs, which
may have practical applications in optoelectronics and various
tunnel junction based devices.

In the current work, we present a computational and exper-
imental study of adsorption of four metallic elements (Au,
Ag, Cu, Ni) on the surface of MoS2. We find that the ini-
tial binding characteristics of these adsorbed elements can
sometimes be correlated with their film growth morpho-
logy. As expected, a combination of strong binding and
large lattice mismatch leads to nanocluster formation as seen
in the Ni/MoS2 system. Interestingly, we have found that
weak bonding and high mobility result in atomically flat ter-
races to be formed [25, 26]. While there are some differ-
ences, Au and Ag show similar growth morphologies in this
regime. While all the metals showed nanocluster formation
for very low coverage, the Au and Ag films coalesce with
large lateral areas intact despite lattice mismatch of over 8%.
Cu growth characteristics are in between those seen in Ni
and Au/Ag suggesting more than one competing mechanism
that cause it to span the characteristic of these two sets of
metals.

The rest of this paper is organized as follows. In Section
II, we outline the computational and experimental techniques
employed in this work. The main results are presented in
Section III, which consists of computational and experi-
mental sub-sections. The concluding remarks are presented
in Section IV, which is followed by acknowledgments to
the funding sources and external facilities. The references
to the relevant literature are presented at the end of the
paper.

2. Methods

2.1. Computational methods

All calculations used in this work are performed with the
Vienna ab initio simulation package [27], within the pro-
jector augmented-wave method [28] and generalized-gradient
approximation [29]. This method has been reported in liter-
ature to adequately treat the adsorption of various adatoms
on MoS2 [9, 24]. The integration method by Methfessel and
Paxton [30] is used, with a cut-off energy set to 500 eV. The
Brillouin-zone integration is performed with the k-point mesh
of 4 × 4 × 1 for structural optimization, and 8 × 8 × 1 for
the self-consistent calculations. The energy convergence cri-
terion is set to 10−3 meV for the total energy calculations, and
to 10−2 meV for the atomic relations. We did not include vdW
correction in our calculations. At the same time, we performed
some test calculations, which confirmed that inclusion of this
correction does not affect our main results (binding energy and

electronic structure). In particular, we calculated the binding
energy and density of states of Ag/MoS2 with and without
the vdW correction (method of Grimme with zero-damping
function), and the results essentially did not differ. Some of
the input files are set up with the MedeA® software environ-
ment, which is also used for visualizing the crystal structures
[31]. All calculations are performed using the Advanced
Cyberinfrastructure Coordination Ecosystem: Services &
Support (formerly known as Extreme Science and Engineering
Discovery Environment) resources located at the Pittsburgh
Supercomputing Center [32], and with the resources of the
Center for Functional Nanomaterials at Brookhaven National
Laboratory.

The adsorption of metallic adatoms on the surface of MoS2
is simulated as follows. First, we constructed a 4 × 4 × 1
supercell of a monolayer of MoS2 (16 Mo atom, 32 S atoms),
with a vacuum layer of 20 Å imposed in the vertical dir-
ection. The latter is used to avoid the potential overlap of
wavefunctions in the direction of stacking. Then, we relaxed
the geometry (volume and atomic positions) of this cell.
Subsequently, we placed a single atom of a metal at one
of the seven sites, as discussed below in the text. The ver-
tical distance of the metallic atom from the surface of MoS2
was then relaxed. The in-plane positions of the adatoms
were fixed during optimization. Figure 1 illustrated the geo-
metry of the considered cell (see discussion below for more
details).

2.2. Experimental methods

Au, Cu, Ag, and Ni samples were each prepared via room
temperature depositions onto mechanically cleaved MoS2
(SPI Supplies) as reported previously [25, 26, 33, 34].
Experimental results are carried out on bulk MoS2. To pre-
pare the Au sample, the freshly cleaved MoS2 was placed in
a vacuum deposition chamber (base pressure 2× 10−9 mbar).
Deposition of Au was achieved through thermal evaporation
of Au pieces (99.999% pure) in a BN basket. The Au samples
were then transferred from the deposition chamber to the STM
scanning chamber for analysis. Depositions for Cu, Ag, and Ni
were carried out in situ using a mini electron-beam evaporator
(MANTIS QUAD-EV) within a vacuum chamber (base pres-
sure 5 × 10−10 mbar). Deposition occurred using Cu pieces
(99.999% pure) in a molybdenum crucible fitted with an alu-
mina liner, a 2 mm Ag wire (99.999% pure), and a 2 mm Ni
wire (99.995% pure). Consistent deposition rates on the order
of 0.1 Å s−1 were obtained using either a flux monitor or were
calculated from the resulting scanning tunneling microscopy
images. All materials were deposited with a nominal thickness
ranging from approximately 8 nm to 12 nm ±10%. Prepared
samples were then transferred to a variable temperature STM
system scanner head (Omicron). STM tips were mechanically
cut from a 0.25 mm Pt90Ir10 wire. The scanning parameters
used in this study were kept relatively consistent with the tun-
neling bias and current set point at approximately 1 V and
1 nA, respectively.
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Figure 1. (a) Calculated binding energies of Ag (black line and squares), Au (red line and circles), Cu (magenta line and down facing
triangles), and Ni (blue line and up facing triangles) adatoms on the surface of MoS2. (b) and (c) Crystal structure of the considered cells
(top and side views, correspondingly). (d) Seven considered positions/sites of adatoms on MoS2. As an example, site 4 is shown in figures
(b) and (c).

3. Results and discussion

3.1. Computational results

3.1.1. Binding of adatoms with MoS2 surface. Figure 1(a)
shows calculated binding energies of 4 different adatoms (Ag,
Au, Cu, and Ni) on the surface of a MoS2 monolayer. The
binding energies of each adatom are colored/labeled as indic-
ated in the figure. The crystal structure used in our calcula-
tions is shown in figures 1(b) (top view) and (c) (side view).
We considered 7 possible adsorption sites, which are shown in
figure 1(d) (as an example, site 4 is shown in figures 1(b) and
(c)). This allowed us to determine the lowest energy adsorp-
tion location, as well as qualitatively estimate the mobility of
the adsorbed element, as will be discussed below. The binding
energies shown in figure 1(a) are calculated as follows.

Ebinding = EMoS2+adatom −EMoS2 −Eadatom.

Here, Ebinding is the calculated binding energy, EMoS2+adatom

is the calculated energy of a MoS2 monolayer with adsorbed
adatom, EMoS2 is the calculated energy of MoS2 monolayer,
and Eadatom is the calculated energy of a single atom of the
adsorbed element. The latter was estimated by placing a single
atom in a 15Å× 15Å× 15Å ‘box’ and calculating its energy.

As seen in figure 1(a), the strongest binding to the MoS2
monolayer of the four considered elements is exhibited by Ni.

In addition, our calculations indicate that site 1 (i.e. adatom is
placed above Mo) is energetically preferred by Ni. Moreover,
the next energetically preferred position is site 3 (adatom
placed in the hollow site at the center of the hexagon, see
figure 1(c)), but the calculated energy difference between these
two sites is very large (around 0.5 eV). Even the interstitial site
between these two potential bonding locations has a binding
energy of around 300 meV, indicating that Ni adatoms should
have low mobility even if the films were annealed to several
hundred Kelvin.

Of the four considered elements, the weakest binding to the
MoS2 monolayer is exhibited by Ag, closely followed by Au.
Both of these elements exhibit very high mobility, with the
energy difference between preferred and interstitial sites less
than 100 meV. Au is especially interesting as it has a different
preferred site atop a S atom and the energy difference between
this and all other sites, except the site directly above Mo, is on
the order of kBT at room temperature (figure 1(a)). There are a
large number of sites for the Au and Ag adatoms on the MoS2
surface that are approximately one kT of the lowest energy
site. Given the high energy of these adatoms during the depos-
ition process, it is probable that additional Au and Ag will
not always position themselves in the lowest energy location
associated with a single adatom. It is more likely that addi-
tional adatoms could move to other sites that would lower the
overall energy associated with thicker films, thereby relieving
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Figure 2. Calculated equilibrium distances of Ag (black line and
squares), Au (red line and circles), Cu (magenta line and down
facing triangles), and Ni (blue line and up facing triangles) adatoms
from the surface of MoS2 monolayer, i.e. the perpendicular distance
of adatoms from the S-layer.

strain at the interface. This strain alleviation is likely one of
the key mechanisms that enables the films to exhibit elec-
tronic growth modes [25, 26], which are especially strong in
Au [35].

The binding energy and mobility of Cu would seem to be in
between that of Ni and the other noble metals. This is reflected
in our recent determination that Cu exhibits both the preferred
heights seen in Au and Ag, but also demonstrates cluster form-
ation as seen in Ni [34]. It is interesting that Ag, Cu, and Ni
all have very similar site binding energy profiles, with the only
significant difference being one of scale. Each of these three
elements has a significant preference for sites 1, 3, and 5 which
limits both mobility and how interface strain can be alleviated,
although the overall bonding energy is so weak for Ag this is
less of an issue. The weak bonding and nearly flat site binding
energy profile for Au seems quite unusual, and is likely why
even gold nanoparticles have been found to be mobile on the
MoS2 surface [25].

Figure 2 shows calculated equilibrium distances of Ag, Au,
Cu, and Ni adatoms from the surface (i.e. S-layer) of theMoS2
monolayer (adsorbed elements are colored/labeled as indic-
ated in the figure). As one can see from the figure, the smal-
lest equilibrium distance from the surface of MoS2 is exhib-
ited by Ni (around 1 Å), followed by Cu, then Au/Ag (the
latter two elements are more or less equidistant from MoS2).
These results are consistent with the calculated binding ener-
gies. In particular, the strongest binding of Ni adatom with the
MoS2 surface results in the smallest distance between them.
On the opposite end, Ag/Au exhibit the weakest bonding with
the MoS2 surface, and as a result the distance between them is
comparatively large (twice larger than for the case of Ni). Both
the binding energy and the distance from the MoS2 surface of
Cu have intermediate values, between Ni and Ag/Au.

3.1.2. Electronic andmagnetic structure. Figure 3(A) shows
calculated total density of states (DOS) of a MoS2 mono-
layer with the 4 considered adatoms. The density of states of
a pure MoS2 monolayer (without adatom) is also shown for
comparison, and it is consistent with the results reported in
literature [36]. As seen fromfigure 3(A), of the four considered
adsorbed adatoms, Ni exhibits a distinctly different behavior
compared with Ag, Au, and Cu. In particular, adsorption of Ni
adatom on the MoS2 surface retains the semiconducting non-
spin-polarized non-magnetic nature of the system. Essentially,
adding Ni adatom to the surface of MoS2 does not result in
any significant changes of electronic and magnetic proper-
ties of the system (compare figures 3(a) and (e)), except for
emergence of Ni states close to the Fermi level, as discussed
below. At the same time, adding Ag, Au, and Cu adatoms on
a MoS2 surface results in a transition to 100% spin-polarized
state, with an integer value of magnetization (1.000µB/cell).
The difference in the behavior of Ni compared with Ag, Au,
and Cu is due to the number of electrons in these elements.
In particular, Ag, Au, and Cu are group 11 elements and thus
contain one unpaired electron, which results in an integer mag-
netic moment of a single atom. At the same time, Ni is a group
10 element with an even number of electrons, thus a single Ni
atom has zero magnetic moment. In addition, when Ag, Au,
and Cu adatoms are placed on the surface of MoS2, this res-
ults in a hybridization of their states with their nearest neighbor
Mo and S atoms, which also exhibit magnetic behavior. This
is illustrated in figures 3(B) and (C) for the case of Cu and Ni
respectively (Au and Ag exhibit behavior similar to Cu).

Figures 3(B) and (C) show element resolved density of
states for Cu/MoS2 and Ni/MoS2, respectively (the electronic
structures of Ag/MoS2 and Au/MoS2 are similar to that of
Cu/MoS2 and are not shown here for brevity). As seen from
figure 3(B), Cu, Mo, and S have comparable contributions to
the large spin-polarization/magnetic moment. More specific-
ally, the largest contribution to the integer magnetic moment
comes from the Mo atom, which is the nearest neighbor of the
Cu adatom. The next nearest neighbor Mo and S atoms also
have sizable contributions to the magnetization, but starting
from the second nearest neighbors, the magnetic moments of
Mo and S atoms become more or less negligible. At the same
time, as seen in figure 3(C), adsorption of Ni adatom at the sur-
face of MoS2 produced Ni states right below the Fermi level.
Due to hybridization with nearest neighbor Mo and S atoms,
these elements also contribute to the states at the Fermi level.
Yet, these states are essentially non-spin-polarized, thus the
system is non-magnetic. In addition, Ni/MoS2 also retains its
semiconducting properties, with a band gap just barely smaller
than that in a pristine MoS2 monolayer.

3.2. Experimental results

Figure 4 shows 200 nm by 200 nm STM images of ∼ 10 nm
films of Au (4 a), Ag (4 b), Cu (4 c), and Ni (4 d) deposited
at room temperature with no annealing. The gold film is very
homogenous and nearly atomically flat with surface variation
no more than ± 2 atomic layers. The Ag film also results
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Figure 3. (A) Calculated total density of states of MoS2 monolayer (a), MoS2/Ag adatom (b), MoS2/Au adatom (c), MoS2/Cu adatom (d),
MoS2/Ni adatom (e). Black line/positive DOS correspond to spin-up states, red line/negative DOS correspond to spin-down states. Solid
vertical line indicated position of the Fermi level. Calculated total magnetic moments per cell are shown in the figure. (B) and (C)
Calculated element resolved DOS of Cu/MoS2 and Ni/MoS2, correspondingly.

in atomically flat, with ± 1 atomic layers, curved plateaus
with relatively large lateral dimensions. However, the curved
plateaus are separated by deep trenches reaching down to the
MoS2 surface in some locations. Unlike Au and Ag, Cu forms
a mixture of plateaued and rounded clusters with diameters
on the order of 5 nm and Ni forms rounded structures with a
diameter of 2 nm.

The difference in binding energy for different sites, includ-
ing interstitials, is a good indication of the mobility of adatoms
on the MoS2 surface. In particular, it can play a decisive role
in relieving the mechanical strain at the interface caused by
the lattice mismatch. Strain is normally determined by a com-
bination of the bonding strength and lattice mismatch, which
is quite large for all atoms, over 8% for Ag, Au, and Cu and
over 20% for Ni. Highmobility enables the metal atoms to bet-
ter reach equilibrium at lower temperatures, and strain relief
enables films to grow laterally with less disruption. Hence the
higher strain expected for Ni and Cu should result in nano-
meter scale clusters as seen in the experimental data. As dis-
cussed previously, the Cu exhibits intermediate behavior in
having both cluster formation like Ni as well as plateaued
surfaces like Au or Ag, albeit on a smaller scale. The larger
lateral size for the Cu clusters is also indicative of the smaller
strain expected to be felt at the Cu/MoS2 interface as compared
to Ni/MoS2.

Another important consideration for the observed sur-
face morphology is the relative bonding strength between
the metals themselves (i.e. their cohesive energies) and their
bonding to MoS2. For example, one can compare the binding

energies of different metals onMoS2 with their metal cohesion
energies. This data is shown in table 1 and includes the calcu-
lated binding energies (Ebnd) for all seven considered adsorp-
tion sites of the considered 4 elements. Also included in this
table are the absolute values of the metal cohesive energies
(Ecoh) taken from [37]. As seen in table 1, the cohesive energy
of Au and Ag is significantly larger than the binding energy
of these elements on MoS2. Under the assumption that this is
the only physical mechanism that determines the growth of
these elements on MoS2, they should all follow a 3D nucle-
ation growth pattern rather than the layer-by-layer growth seen
with Au and Ag. The formation of atomically flat structures
may be due to a preference of these elements to bond to the
edge of the cluster rather than on its top. One possible explan-
ation of this is a high preference of these elements to bind with
sulfur (adsorption site 3 (see figure 1)) as well as with itself.
Once a seed layer is formed, one would expect a layer-by-layer
growth to proceed. As shown in figures 4(c) and (d), Cu and Ni
form small 3D nanoclusters as expected based on the compar-
ison between the binding energy to MoS2 and their respective
cohesive energies. Ni cluster formation is also exacerbated by
a high interfacial stress caused by a low mobility and large lat-
tice mismatch (∼21%) with MoS2. Cu has a mobility that lies
in between Ni and Au/Ag. This would help relieve the strain
at the interface but would not explain the occurrence the plat-
eaued clusters observed experimentally. We speculate that sur-
face morphology of Cu is due to a competition between the
tendency of additional Cu adatoms to bond with themselves
(thus forming 3D clusters) and the need to bond to the edge of
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Figure 4. STM images of Au (a), Ag (b), Cu (c), and Ni (d) deposited on MoS2. All 4 images have lateral dimensions of 200 nm by 200 nm.

Table 1. Calculated binding energies (Ebnd) for all seven considered adsorption sites of the considered 4 elements; as well as metal cohesive
energies (Ecoh) taken from [37]. The energies are in eV.

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 |Ecoh|

Au −0.734 38 −0.830 59 −0.820 54 −0.806 82 −0.794 87 −0.829 18 −0.822 60 3.81
Ag −0.688 71 −0.548 42 −0.735 15 −0.600 93 −0.681 91 −0.614 31 −0.592 89 2.85
Cu −1.492 89 −0.968 56 −1.381 85 −1.047 62 −1.286 45 −1.054 82 −1.027 50 3.49
Ni −3.520 47 −1.960 51 −2.981 68 −2.001 06 −2.705 58 −1.966 88 −1.958 68 4.44

the cluster to form plateaued structures likeAu andAg. Further
studies are needed to get better understanding of the role of
edge bonding to the observed surface morphology.

4. Conclusions

In this work, we presented results of a computational and
experimental study of adsorption of four different metals
on MoS2. In particular, we analyzed the binding mechan-
isms of four metallic elements (Au, Ag, Cu, Ni) on MoS2.
Among these elements, Ni exhibits the strongest binding/low-
est mobility on the surface of MoS2. The weakest binding is
exhibited by Ag, closely followed by Au which also exhib-
its the highest mobility. Cu exhibits somewhat intermediate
values of both the binding energy and mobility on the sur-
face of MoS2. If we only examine the binding energy of
these elements with MoS2 to their respective cohesion ener-
gies, we expect all four elements to undergo 3D growth.
Experimentally, this is clearly not the case for Au and Ag

on MoS2, which exhibit large plateaued structures. Among
other things, this may be due to the fact that these elements
prefer to bond to the edge of a cluster rather than the top,
resulting in the 2D plateau structures we observe. The relat-
ively large size of the plateaued structure is likely due to the
high mobility of these two elements, which allow these ele-
ments to reach their lowest energy state and relieve strain at
the interface. Ni appears to be the only element that exhib-
its prototypical 3D growth expected for an element with a
cohesive energy much larger than its binding energy with the
substrate. Experimentally, Cu shows characteristics of cluster
formation as well as plateaued surfaces. The cluster forma-
tion is likely due to the strong cohesive energy as well as the
reduced mobility relative to Au and Ag. The plateaued sur-
faces are likely due to a strong tendency for Cu to bind to the
edge of a cluster. These two mechanisms appear to be in com-
petition and would explain why Cu exhibits characteristic of
both the Ni and Au/Ag films. In addition to surface morpho-
logy study, our calculations indicate the odd electron bearing
metals induce a half metallic magnetic transition in the MoS2
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monolayer and the even electron bearingNi does not. Thismay
have applications in forming magnetic nanoclusters as seen
with Au [38].
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