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Abstract

Stability, electronic structure, and electron transport properties of metallic monoatomic wires anchored
on the MoS, monolayer are investigated within density functional theory method. Anchoring of the atomic
wires on the semiconducting monolayer dramatically modifies its electronic properties; metallic character of the
assembled monolayers appears in density of states and band structure of the system. We find that Cu, Ag and
Au wires induce the so-called n-type doping effect whereas Pt wire induce p-type doping effect in the
monolayer. The distinctly different behavior of Pt/MoS, with the rest of the metallic wires is reflected in the
calculated current-voltage characteristics of the assembled monolayers with a highly asymmetric behavior of
the out-of-the-plane tunneling current with respect to the polarity of the external bias. The results of the present
study are likely to extend the functionality of the MoS, monolayer as a candidate material for the novel

applications in the areas of catalysis and optoelectronic devices.
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1. Introduction

Two-dimensional molybdenum disulfide (MoS,) has received considerable attention [1-
8] since its synthesis by the exfoliation technique [9] similar to one which was applied to
graphene. At ambient conditions, the bulk MoS; has a hexagonal structure with the space group
of P63/mmc [10, 11] in which a layer of Mo atoms is sandwiched between two layers of S atoms.
This atomic trilayer configuration is referred to as a monolayer [11]. The atoms within the MoS;
monolayer are bonded covalently, while individual atomic sheets are bonded via a weak van der
Waals force. While the bulk MoS; is a semiconductor with an indirect gap, the monolayer has a
direct gap [12-14]. Monolayers of MoS; have versatile and tunable properties [15-17]which are
useful for applications in nanoelectronics [2, 18]. They also complement graphene in
applications requiring thin transparent semiconductors, and are expected to have excellent gas
sensing performance due to high surface-to-volume ratio [ 19, 20].

Fabrication of electronic devices for the next generation applications generally requires a
combination of conducting and insulating materials by which higher performance and greater
flexibility can be achieved [21-25]. For example, Ag nanowires deposited on graphene led to
significant enhancement of the conductivity of the functionalized graphene. Consequently, the
Ag/graphene system has a greater potential in the high performance, flexible energy conversion
and storage devices [21]. Likewise, incorporation of Au nanoparticles on MoS; by chemical and
microwave route resulted in significant modulation of its electrical and thermal conductivity.
The Au/MoS; device showed nearly 9-fold increase in the effective gate capacitance, a low
Schottky barrier (~14.5 meV) and increase in its thermal conductivity (~23 W/mK) [22].
Considering these experimental results, we are intrigued by the role played by the metallic
nanostructures in modifying the electronic properties of a monolayer substrate. Does the effect
solely come from nanostructures or the interfacial chemistry of the nanostructure with monolayer

play a dominant role? Specifically, we will focus on the monoatomic wires of Cu (4s' 3d'%),
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Ag(5s' 4d"), Au (6s' 5d'°) and Pt (6s' 5d”) anchored on the MoS, monolayer, and will calculate
their stability and electronic properties using density function theory (DFT). Note that the
metallic monoatomic wires including Ag, Au and Pt have been synthesized in the break junction
experiments and on the substrate [26-29]. The results of the present study are expected to extend
the functionality of the MoS; monolayer as a candidate material for the novel applications in the

areas of catalysis and optoelectronic devices.

Computational Methods

Electronic structure calculations were performed within the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) parameterization of the
exchange and correlation functional form. The norm-conserving, relativistic pseudopotentials
[30] as implemented in the SIESTA program package[31] were used in a fully separable non-
local Kleinman and Bylander form to treat electron-ion interactions. The Kohn-Sham orbitals
were expanded in a linear combination of numerical pseudo-atomic orbitals using split-valance
double-zeta with polarization (DZP) basis sets for all atoms. The MoS, monolayer, atomic wire
and wire/monolayer systems were simulated in the xy plane using the supercell approximation
and periodic boundary conditions. A vacuum distance of 15 A along the z-direction was used to
ensure that the negligible interactions between 2D system images. All calculated equilibrium

configurations are fully relaxed, with residual forces smaller than 0.01 eV/A.

. Results and discussion

3.1 Structural properties
For the pristine MoS, monolayer, the calculated lattice constant is 3.23 A, and the values
for the Mo-S bond length and S-Mo-S bond angle are 2.47 A and 82°, respectively. These GGA-

PBE values are in excellent agreement with the previously reported calculations on the pristine
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monolayer [12-14]. Note that the structural configuration of the MoS, monolayer shows location
of each Mo atom to be at the center of a trigonal prismatic cage formed by six S atoms.

The calculated lattice constants of the monoatomic linear wires of Cu, Ag, Au and Pt are
242, 2.65, 2.60 and 2.50A, respectively. Employing the projected augmented wave (PAW)
method, the GGA-PBE values of 2.33, 2.68, 2.61 and 2.35 A for Cu, Ag, Au and Pt monoatomic
wires, respectively were previously reported [32]. A difference of about 6% in the value of
lattice constant of Pt may be due to the nature of pseudopotentials used in the PAW method,
since the norm-conserving, relativistic pseudopotentials were used to represent the core orbitals
for Pt in our study. Moreover, Pt is different from the other noble-metal wires considered in
terms of the valance electronic configuration, which may have different dependence of
pseudopotential parameters in the theoretical methods, such as the choice of cut-off radius;
choice of semicore states; non-linear exchange correlation correction for core-valance electrons
interaction etc.

Due to lattice mismatch between the monolayer and monoatomic wires (Table 1), we
need to minimize the strain at the interface by a suitable choice of the supercell simulating the
assembled monolayer. Our choice of (5x1) supercell of the atomic wire with the (4x4) supercell
of the monolayer leads to mismatch of about 6.3%, 2.5%, 0.6% and 3.3% for the co-periodic
lattices of Cu/MoS,, Ag/MoS,, Au/MoS,, and Pt/MoS,, respectively. Here, we define the lattice
mismatch to be difference in the calculated lattice parameters of (5x1) atomic wire and (4x4)
monolayer. For a specific case of Cu/MoS,, we have also considered (4x1) supercell of Cu wire
together with (3x3) supercell of monolayer which yields the mismatch of 0.1% for the co-
periodic lattice of the wire/monolayer system. In this way, the role of the interfacial strains in
modifying the electronic properties of the assembled monolayer can be investigated [see

supplementary section [33, Figures S1, S2 and S3 in supplementary section].
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Alignment of atomic wires deposited on surface of the MoS, monolayer can be
considered via either top site or hollow site; the former is referred to the case where metal atoms
are directly on top of S atoms and the latter is referred to the case where metal atoms are
positioned between the two S atoms, thus directly above the underlying Mo atoms of the

monolayer (Fig. 1).
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Figure 1: (5x1) monoatomic wires on (4x4) MoS, monolayer: (a-c) top and side views of the hollow
site, (d-f) top and side views of the top site. The brown, yellow, and blue circles represent Mo, S and
atoms of the metallic wires, respectively.
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The preferred binding site was determined by performing total energy calculations of the
assembled monolayer varying separation between the wire and the monolayer for both top and
hollow sites. The binding energy of the assembled system is defined with respect to the
constituent components, i.e. E,=(EM0S,+Eyire) — (Ewire/M0S,). A positive value of E, indicates
stability of the assembled system.

The calculated results are listed in Table 1 showing that difference in E, of the hollow
and top sites for Cu, Ag and Au is small, though the hollow site is slightly preferred over the top
site (AE =0.02 eV). On the other hand, Pt definitely prefers the top site of the MoS, monolayer.
The predicted order of stability at the top site is Pt > Cu > Ag = Au for the assembled
monolayers. Interestingly, calculations performed at the GGA-PBE level of theory on the
diatomic molecules find the binding energy/per atom of 2.39, 2.15, 1.86, and 1.94 eV for PtS,
CuS, AgS and AuS molecules, respectively. Therefore, the nature of bonding at the molecular

level seems to persist for the wire/monolayer system.

Table 1: The calculated (average) distance between wire and monolayer (Rwyire-ayer)s
and the binding energy (E;) of the assembled monolayer.

Ep(eV/atom)
System Ryiretayer(A) | Hollow site Top site
Cu/MoS; 2.3 0.34 0.32
Ag/MoS, 2.8 0.14 0.12
Au/MoS, 2.8 0.15 0.13
Pt/MoS; 2.1 0.34 0.51

3.2 Electronic structure

In order to gain further insight into strength of the interaction between metallic atomic

wire with the MoS, monolayer, we analyze the charge density difference profile (i.e. Ap=

7
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PMoS2+wire—(PMos2—Pwire)) Shown in Fig. 2. Here, the red region represents the charge
accumulation, while the green region represents the charge depletion in the assembled
monolayers. We find the MoS2 monolayer to be polarized, and the induced polarization is
relatively large for Pt/MoS, relative to the other assembled monolayers. This correlates well with
the calculated equilibrium separations given in Table 1; the separation between the Pt wire and
monolayer is much smaller than the corresponding separation in the other wire/monolayer
systems. Following Fig. 2, the predicted order of stability (i.e. Pt > Cu > Ag = Au) is predicted to

be directly associated with the degree of polarization induced by wires in the assembled systems.

Figure 2: A side view of the charge density difference contour plots. The red (green) regions correspond
to accumulation (depletion) regions of the charge density in the assembled monolayers. The contour
density is with 0.001 /A’

Analysis of Mulliken charges shows that the monoatomic wires except Pt transfer a
fractional charge of ~ 0.05 e/atom to the monolayer, whereas Pt wire gains a fractional charge of
~0.25¢ from the monolayer. The spatially extended frontier orbitals of Pt which are partially
occupied appear to interact strongly with the monolayer following the scenario that was
predicted for the PtS molecule. The GGA-PBE calculations on diatomic molecules show that S
gives a fractional charge to Pt in PtS whereas Cu/Ag/Au transfers a fractional charge to S in
other molecules. Note that the electronegativity difference between Mo (2.16) and S (2.58) atoms

induces a fractional charge transfer of 0.3e/atom from Mo to S atoms in the pristine monolayer.

8
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Thus, Cu, Ag and Au wires induce the so-called n-type doping effect, and Pt wire induces p-type

doping effect in the MoS2 monolayer.
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Figure 3: Electronic band structures of (top panel) the pristine monolayer and wires; and (down panel) the

assembled MoS, monolayers.
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Figure 4: Projected Density of states of atomic wires for the assembled MoS, monolayers.
Zero of the energy is aligned with Fermi energy.
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Electronic band structures of the assembled monolayers and pristine wires are displayed
in Fig.3. Interaction of the semiconducting MoS, monolayer with the metallic atomic wires
dramatically modifies its electronic properties; metallic character of the assembled system
appears in projected density of states in which metallic atoms of the atomic wires are associated
with the electronic states near Fermi level (Fig.4). Note that the metal wires are found to retain
their bands in the assembled monolayers (Fig.3). On the other hand, the pristine monolayer is
semiconducting with a direct gap of 1.55 eV at K (Fig.3); top of the valance band near Fermi
energy is associated with mixed Mo-d and S-p states whereas the bottom of the conduction band
is mainly due to Mo-d states (see supplementary information Fig S5 [33]). This is not the case
with the assembled monolayers where electronic bands at the Fermi level are partially occupied.
A close examination of the valance band charge density below 0.5 eV below Fermi energy shows
that the partially occupied bands are mainly associated with atoms of the metallic wires. There is
small, but noticeable contribution can also be seen from Mo and S atoms in case of Cu/MoS, and
Au/MoS; for the states near Fermi level (Fig. 5) which are probably responsible for the different
features of valance bands below Fermi energy of Cu/MoS; and Au/MoS, assembled monolayers
as compared to Ag/MoS, among otherwise isoelectronic configured systems. Note that
appearance of overlapping spaghetti-like bands in the band structure is due to choice of a large
supercell simulating the assembled monolayers in the present study, which are as a result of
strong hybridization between the Mo-d, S-p and metal wire-d orbitals as can be seen in Figs. 4

and S5.

10
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Figure 5: A side view of the valance band charge density of isosurface of 0.005 e/A’ below 0.5 eV
Fermi level of the assembled monolayers.

The frontier orbitals of Cu, Ag and Au are s' d'° and those of Pt are s' d°. This difference
is reflected in Fig.3 where the d-like localized electronic states form a flat band below Fermi
level and the bands crossing the Fermi level are associated with the s-like states for Cu/MoS,,
Ag/MoS;, and Au/MoS,. On the other hand, the partially filled d-like band crosses the Fermi
level for Pt/MoS,. Thus, the conductivity of Pt/MoS?2 is likely to be dominated by the d-states of
Pt wire. Considering that the intrinsic quantum ballistic conductance of a given system can be
estimated by the number of bands crossing the Fermi level, the ballistic conductance for
Cu/MoS,, Ag/MoS,, Au/MoS; is estimated to be 2G” whereas Pt/MoS, appears to have the

estimated conductance of 4G° (Fig. 3).

3.3 Electron transport properties

Appearance of the metallic character is expected to result into the enhanced conductance
of the assembled monolayer relative to the conductance expected from the semiconducting
pristine monolayer. In order to quantify this enhancement, we now calculate the current-voltage

(I-V) characteristics of the assembled monolayers using a model setup employed in the scanning

11
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tunneling microscope (STM) measurements [34]. The tip is considered to be separated from the
sample by a vacuum barrier width of 5 A, mimicking a non-bonded tip configuration for the
STM measurements. The cap configuration of the probe tip is modeled by a cage-like 43-atom
Au cluster. The Bardin, Tersoff and Hamman (BTH) formulism[35,36] of electron tunneling was

used to calculate the tunneling current in this model setup [see supplementary information-Fig.

S4 [33].

60 T T T T T
Au-MoS, ol
40 Cu—l\'IoSg\/‘,/ .
Pt—l\‘IOSQ\/,{J -
T »
5 0 =
R — - i <
""""" , 3 Ag-MoS,
® g
-20 /./'/ Pristine-MoSs =
-40 | | H | |
-0.4 -0.2 0 0.2 0.4
Vbias [V}

Figure 6: The current-voltage (I-V) characteristics of the pristine and assembled monolayers.

We define the bias to be positive when the sample is connected to a positive potential and
electrons tunnel from the tip to the sample. It is to be noted that the tunneling current depends
exponentially on the separation of the tip to sample. Therefore, the choice of tip-sample
separation will determine the magnitude of the tunneling current, but should not affect the
predicted trend for the assembled monolayers considered.

The calculated tunneling characteristics of the pristine and assembled monolayers are
plotted in Fig.6 for the bias range of -0.5 V to +0.5V. Since the tunneling current is directly

related to the convolution of the DOS of the tip and sample, appearance of finite DOS in the
12
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vicinity of the Fermi level of the wire/MoS, system is likely to be cause of the increase in
tunneling current with the bias voltage, Vpi,s. The pristine MoS, monolayer is semiconductor
(Fig.6), while the assembled monolayers show ohmic-like behavior for low forward bias of < 0.3
V. For the reverse bias, asymmetric characteristics appear with nearly constant current for the
assembled monolayers except Pt/MoS,. Considering that the conduction channels under an
applied bias are states associated with atomic wires which are lined up near the Fermi level,
difference in the current-voltage characteristics (Fig. 6) can be understood in terms of density of
states of the assembled monolayers. For example, a relatively large tunneling current is seen for
Au/MoS; as compared to that for Ag/MoS, for the given bias. This difference can be attributed to
the significantly large occupied states (states between 0 to -0.5 V in Fig. 3) for Au/MoSx(see
supplementary information-Figure S5[33]). These states associated with atomic wires are lined
up near the Fermi level and are the major tunneling “channels” under an applied bias. It is to be
noted here that appearance of unoccupied states near Fermi level in Pt/MoS,(Fig4, see
supplementary information-Fig. S5[33]) results in to a large tunneling current under the reverse
bias (Fig.6). Thus, the distinctly different behavior of Pt/MoS, with the rest of the metallic
wire/MoS; monolayers may be attributed to distinct nature of bonding of Pt with the MoS,
monolayer as discussed previously. It is to be noted here that electron transport across the MoS,
monolayer coupled with Au and Ti contacts was theoretically investigated with an aim to provide

guidance for the choice of metallic contacts for MoS,-based devices [37].

4.0 Summary

In summary, the structural stability, electronic structure and electron transport properties
of the metallic monoatomic wires anchored on the MoS, monolayer are investigated. The
calculated results show the stability of the assembled monolayers with Cu, Ag, Au and Pt wires.

Electronic band structure and density of states of the assembled monolayers reveal that states

13
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associated with metallic atomic wires appear in the vicinity of Fermi level forming electron
conduction channels. Cu/MoS,, Ag/MoS,, and Au/MoS, systems are found to possess 2Gg
quantum ballistic conductance, while Pt/MoS, possess quantum conductance of 4Gy due to
partially filled Pt-d states. The transverse current calculated for the assembled monolayers in the
STM-like setup show significantly enhanced conduction relative to the MoS, pristine monolayer.
Asymmetric current-voltage characteristics are predicted for the assembled monolayers except
Pt/MoS; for which distinctly different nature of bonding is seen at the interface of the assembled
monolayer. Our results unambiguously find the interaction of the MoS, monolayer with the
metallic monoatomic wires to be relatively strong modifying its electronic properties. Cu, Ag
and Au wires induce n-type doping effect whereas Pt wire induces p-type doping effect in the
MoS; monolayer. The predicted interactions and doping effects of the monoatomic wires can be
verified by experimentalists; e.g. Raman spectra [38], can reflect changes in the electronic
structure induced by metal wires on the monolayer. We believe that the results of the present
study are likely to extend the functionality of the MoS, monolayer as a candidate material for the
novel applications in the areas of catalysis and optoelectronic devices. It is well known that the
catalytic activity is generally attributed to the unsaturated sites or excess charge on the surface of
the nanomaterial. In the case of the MoS; monolayer, our results shows that each S atoms have
0.3 e in excess and interaction of metal wires further induce n-type or p-type doping effect in the
pristine monolayer. We therefore believe that interaction of metallic wires on MoS; is expected

to enhance the catalytic activity especially in hydro desulfurization process.
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