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Abstract. Two-dimensional (2D) molybdenum disulfide (MoS;) promised a wide range
of potential applications. Here, we report the transport investigations on the MoS,
from Armchair (AC) and Zigzag (ZZ) directions with different kinds of leads. The
conductance of 2H phase MoS, depended on the transport directions and lead types
(2H phase or 1T phase). System with 1T phase MoS, as lead can impressively improve
the transport properties compared with the 2H phase lead. Moreover, for the system
with metal lead, enhanced conductance can be observed, which contrast to the experi-
ment measurements. Further investigate indicated that the conductance is sensitively
rely on the distance between metal lead and 2D material. The present theoretical re-
sults suggested the lead material and interface details are both important for MoS,
transport exploration, which can provide vital insights into the other 2D hybrid mate-
rials.

PACS: 7340-c
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1 Introduction

Recently, two dimensional (2D) materials like molybdenum disulphide (MoS;) have
attracted many interests because of them excellent physical and chemical properties and
then promised many potential applications [1-8]. Monolayer MoS, appears in many dis-
tinct phases depending on the arrangement of its S atoms, two of them are more popu-
lar and exhibits substantially different electronic structures: 2H (trigonal prismatic, Dsh)
MoS; is a semiconductor with a finite band gap between the filled d,. and empty d .-
d, ., bands, and 1T (octahedral geometry, O;,) phase is metallic with Fermi level lying
in the middle of degenerate dy, . . single band [9]. The reversible transition between
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2H and 1T phase have been proved by annealing [10], electric doping [11,12], applying
strain [13] or electron-beam irradiating [14]. Moreover, a mixed phase (2H and 1T) struc-
ture with the abrupt phase interface and matched lattice has been demonstrated experi-
mentally [15]. This kind of bi-phase material paved a new way to design 2D photoelectric
devices based on the in-plane metal /semiconductor heterostructures [16,17].

Compared with the comprehensive studies on the fabrications [18-21] and appli-
cations [22, 23] of graphene/h-BN heterostructures, fewer reports focused on the in-
plane 1T/2H MoS, hybrid systems. [14-16] By using lithium based chemical exfoliation
method, Eda et al. [15] firstly synthetized a single layer of exfoliated MoS, consisting of
both 2H and 1T phases then form chemically homogeneous atomic and electronic het-
erostructures with potential for novel molecular functionalities. The atomic phase transi-
tion mechanism for 2H to 1T in mono-layer MoS, have been explored with transmission
electron microscopy, in which the controllable area of 1T phase was achieved with essen-
tial intermediate phases as the precursor phase [14].

Former studies suggested that the grain boundaries of the 2H monolayer MoS, have
important effects on the transport properties [24]. They found that only tilt GBs have a
significant effect on the mobility and transport characteristics of MoS;, and these kinds of
effects rely mostly on the defect type and density. In another experimental measurement,
by using the 1T phase MoS; electrodes and well controlled phase interface, the contact
resistance of 2H MoS; can be significant reduced without the performance loss [16,17].
They attribute the superior performance of the devices to absence of structural and elec-
trical mismatch between 1T and 2H MoS,.

In this paper, we performed a first-principle combine with non-equivalent transport
investigations on the 2H monolayer MoS; hybrid system with 1T and 2H electrodes. We
focused on the relationship between the thermodynamics stability of the 1T/2H inter-
face, and transport properties with different kinds of the electrodes. We found that the
intermediate phase is unavoidable, and system’s conductance is affected by electrodes
choices.

2 Threoretical methods

The atomic and electronic structures of the 1T/2H monolayer MoS; phase interfaces were
investigated using the DFT and the projector-augmented wave method (PAW) [25], as
implemented in the Vienna ab-initio simulation package (VASP) [26]. The exchange-
correction interaction was described by the Perdew-Burke-Ernzerhof (PBE) [27] func-
tional. The plane-wave basis was expanded up to 550 eV. The 2D Brillouin zones of
different interfaces were sampled by a series of k-point grids with constant separations
of 0.02 A~! during geometry optimization and 0.01 A~! in the DOS calculation. 2D peri-
odic boundary condition was applied in the directions along (y) and perpendicular (x) to
the 1-dimensional (1D) interface. A single layer of molybdenum disulfide consists of a 6.7
Athick slab of a S-Mo-S sandwich layer, [28] here a thickness of 20 angstrom was selected
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in the (z) direction perpendicular to the MoS; sheet to avoid the interaction between pe-
riodic images. The atomic coordinates in xyz dimensions were fully relaxed without any
constraint to allow possible out-of-plane inflection.

The transport properties of 2H MoS; were investigated combines first-principle tech-
nique with the Keldysh nonequilibrium Green’s function. Real space linear combination
of atomic orbital (LCAO) basis set of DZP was employed. The quantum conductance
and quantum transmission were calculated by including self-energies for the coupling
of a maximum 5-nm-wide scattering region to the semi-infinite 1Tand 2H with/without
metal leads under the zero-bias voltage.

3 Results and discussion

A. Structural and thermodynamically stability.

Within the GGA-PBE level, the calculated band gap of 2H MoS; is 1.66 eV (semicon-
ducting) and more stable than metallic 1T MoS, with total energy 0.283 eV per atoms,
which are consistent with the previous report [12]. By gliding only one plane S atoms in
MoS; to the center of the hexagonal, semiconducting 2H phase will gradually transit to
metallic 1T phase. Our theoretical investigations also suggested a transition energy bar-
rier (1.04 eV) from the metastable 1T phase MoS; to the corresponding stable 2H phase.
We have constructed the lateral 1T/2H heterostructures with an half of 2H domains and
an half of 1T domains (as shown in Fig. 1) with AC and ZZ interfaces. As shown in Fig. 1a
(AC type interface) and Fig.1b (ZZ type interface), the hybrid system have no atom loss or
affluence in a supercell with atomically sharp interface as observed experimentally [15].
The supercell of the hybrid system have fixed periodic length along the interface (y di-
rection) and different lengths (from 0.638 nm to 6.362 nm for AC and from 1.105 nm to
7.738 nm for ZZ interface, respectively) perpendicular to the interface (x direction). With
the full atomic relaxations, the hexagonal arrangement of Mo and its orientation remains
less disturbed across the boundary. The formation energies of the phase interfaces can be
determined by:

E form = (Enybria—Nmo X EMo—Ns 21 X Es_op—Ns_11 X Es_17) /4, 1)

here, Ejypriq is the total energy of the hybrid system, N, is the number of the Mo atoms
in the hybrid system, Ej, is the free energy of Mo atom (-10.592 eV), Ns_»p is the number
of the S atoms in 2H domain part, Es_,p is the energy of S atoms (-5.425 eV) in bulked 2H
MoS; (subtract the energy of Mo atom from total energy of bulk system and divided by
2), Ns_jt is the number of the S atoms in 1T domain part, Es_;7 is the energy of S atoms
(-5.128 eV) in bulked 1T MoS, (subtract the energy of Mo atom from total energy of bulk
system and divided by 2), and d is the periodic length along the interface (0.55 nm for AC
and 0.32 nm for ZZ).

As shown in Fig. 2, the formation energies of the hybrid systems for both AC and ZZ
interface increase with the increase of the cell length. Increased formation energies indi-
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Figure 1: (Color online) Schematic models of single-layered MoS; heterostructures with (a) (armchair, AC) and
(b) (zigzag, ZZ) interfaces. The blue dashed line labels the unit cell in (a) and (b).
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Figure 2: (color online) Formation energies of 1T/2H MoS; heterostructures with AC (blue stars) and ZZ (red
rhombus) type interfaces as the function of cell length. The blue and red dashed lines are the linear fitting of
the formation energies with the increase of cell length, AC: E,,,, = 5.78 + 1.075L, ZZ: E ¢y = 2.39 + L.11L.

cated the broad interface effect, which make the atomic structures near the interface re-
gion can match perfectly with neither 2H nor 1T phase. For 1T/2H MoS; heterostructures
with AC interface, 1T domains will deviate to 1T’ structures [13]. And for 1T/2H MoS,
heterostructures with ZZ interface, hybrid systems will be inflected with inflection angle
19.3 degree for the supercell length 4.422 nm and be wrinkled for larger supercell. This
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Figure 3: (Color online) Schematic models for two lead transport explorations on 2H MoS,. Top view (a) and
side view (b) of the transport model with 2H MoS; itself as electrode (with shifted Fermi level for a metallic
property). Top view (c) and side view (d) of the transport models with metallic 1T MoS; as electrodes and
with ZZ interface.

kind of inflection and wrinkle has been reported in the polycrystalline graphene grain
boundaries, which can relieve the mismatch strain and damage the ideal strength. [29]
The variable behaviors (inflect or new T’ phase) result from the interface effect make the
formation energy different between AC and ZZ interfaces. From the linear fit as shown
in Fig. 3, the formation energies of AC and ZZ interface can be extracted as 5.78 and
2.39 eV/nm. Then, 1T/2H MoS; heterostucture with ZZ interface is energies stable than
that with AC interface. The present results are consistent with that in polycrystalline
graphene and graphene/h-BN heterostructures, in which with ZZ type interfaces are
more stable from the theoretical calculation and experimental observations [30-32].

B. Transport properties

Transport explorations on the basis of fully relaxed structures of 2H MoS; have then
been continued for with different electrodes as shown in Fig. 3. To take the 2H MoS, as
the metllic electrode material, the Fermi level have been shifted to line up with the mini-
mum of conductance band. In Fig. 3c and 3d, as a representatively example, devices with
metallic 1T MoS; lead with ZZ interface is exhibited. Then, it is possible to explore the
electrodes and interface effectes on the transports properties of 2H MoS,. The transport
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Figure 4: (Color online) The conductance of different width 2H MoS; with 2H (upper) and 1T (lower) electrodes
along AC (red circle) and ZZ (blue triangle) interfaces.

properties under 2H and 1T electrodes can be found in Fig. 4. First of all, the conductance
is resonable decrease with the increase of transport width for both AC and ZZ directions
with both 2H and 1T electrodes. Under the zero voltage, it should converge to zero with
enough wide scattering regions. It can also be found that the conductance in AC and
77 direction is relies on the electrode choice. For 2H electrode, conductance along the
77 direction is slightly hihger than that in AC direction. However, it is reversed for that
with 1T eletrode, conductance in AC direction is about ten times larger than that in ZZ
direction.

In line with the experimental observations [16,17], device with 1T electrode present
much higher conductance compared to that with 2H electrode as shown in Fig. 4. One
possible reason is that, even with shifted the Fermi level for 2H MoS; electrode, it's metal-
lic performance is worse than 1T one because of lower carrier concentration. Another rea-
son for the show up of the 1T/2H phase interface. Previous studies [24] also suggested
that the tilt grain boundaries in polycrystalline MoS, can enhance its transport proper-
ties. The interface, result from the movement of S atoms, also can raise the conductance
similar as grain boundaries.

To explore the deep relationship between the electrodes and the transport properties
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Figure 5: (Color online) Schematic models 2H MoS; with metal (Sc) electrodes from top side (upper) and side
side (lower).

of 2D MoS,, device model with ZZ interface more close with the experimental measure-
ment have been constructed as shown in Fig. 5. Bulk Scandium (Sc) have been deposited
on and combined with 2H or 1T MoS; as electrodes. The introduce of metllic Sc make the
transport direction changed from lateral transport limitied in monolayer MoS, to verti-
cal transport between bulk Sc and MoS;. In Fig. 6, the effects of metal Scandium can be
found from the conductance difference for the scattering region width about 3 nm. Com-
pared with that without metal Scandium, the conductance has been improved obviously
for either 2H or 1T ones. However, the enhancements are quite different. For metallic Sc
deposited on 2H electrodes, there is a profound effects compared with that with solo 2H
electrodes, which suggested the carrieres rarely from 2H MoS; and the low conductance
in Fig. 4 is reasonable.

Moreover, the conductance is variable with the distance between the metal and 2H
MoS;. The most stable configuration with about 1.85 angstrom distance corresponding
the minior conductance. This conforms that the vertical transport direction between the
bulk Sc and 2H MoS,. For case of metal Scandium deposited on 1T electrodes, the metal
has moderate improvement compared with the former one. At the most stable point, the
conductance is similar with that on 2H cases. In experimental measurement, the interface
between metal and MoS; electrod is much complicated than the model in Fig. 5. Then, the
metal enhancement will be more obvious and more sensitive. The above results indicated
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Figure 6: (Color online) The conductance 2H MoS; with Sc-2H MoS; (upper) and Sc-1T MoS, (lower)
electrodes with different metal-MoS, distance.

that the transport properties of the device might depended not on the inject direction, but
largely depended on the electrodes performance.

4 Conclusion

First-principles calculations have been carried out on the 1T/2H MoS, monolayer phase-
heterostructures with AC and ZZ type interfaces. Hybrid system with ZZ interfaces are
more energy favorable than AC by 3.39 eV/nm. Non-equilibrium calculation suggested
the better transport properties by using the 1T phase MoS; from its higher conductance.
The deposited metal on the electrodes can enlarge the conductance notablely for MoS,
with both 2H and 1T leads. Moreover, interface between 1T lead and 2H Mo$S; have large
effect on the larger conductance compared with 2H leads. The present theoretical re-
sults can give the deep understanding for the experimental observations and future two
dimensional electronic devices.
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