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1. Introduction

Junction-configuration-dependent interfacial
electronic states of a monolayer MoS,/metal
contacty

a
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Electrical contacts are crucial to the high performances of electronic devices, and they become more
prominent for the popular two-dimensional (2D) semiconductors because they commonly have high
contact resistances and are sensitive to the interfacial states. In this paper, taking monolayer MoS, as an
example, first-principles calculations are done to study and predict the influences of the contact mode
on the interfacial electronic states of monolayer MoS,/metal (metal = Mg, Al, In, Cu, Ag, Au, Pd, Sc, and
Ti). It is found that the interfacial properties are determined by the matching degree between the
electronic states of the monolayer MoS, and metal electrodes. The top contact configuration is
preferred for the monolayer MoS,/Sc system as a result of an extremely low Schottky barrier (0.086 eV)
as compared to that (0.439 eV) in the edge contact configuration, however, the edge contact
configuration is preferred for Ag, Cu, Au, and Pd electrodes. Furthermore, metal electrodes in the top
contact configuration might usually result in n-type doping of monolayer MoS,, but lead to p-type
doping in the edge contact configuration. The pinning factor S (0.257, —0.009, —0.132, and —0.172) of
monolayer MoS, in both contact modes is close to zero, suggesting a strong electronic pinning effect.
The findings provide theoretical guidance for the selection of electrodes for high-performance 2D
material based devices.

ON/OFF ratio of ~10% a low subthreshold swing of 74 meV
per decade, and a negligible OFF current of 25 fA um~'.” The

Over the last decade, a great number of two-dimensional (2D)
materials as promising candidates for next-generation electronic
devices have been discovered and studied due to their unique
electrical, mechanical, and optical properties.' ™ Because of their
appropriate band gap, 2D transition metal dichalcogenides
(TMDs) are promising for future applications in the field of
low-power logic devices, in which the short channel effects will
be suppressed, the source-drain subthreshold leakage will be
substantially reduced, and a high ON/OFF ratio will be
obtained.>® For example, monolayer MoS, based field effect
transistors (FETs) have been demonstrated with a current
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contact interfaces between metallic electrodes and semicon-
ductors are crucial to the electrical properties of devices.®™?
Surface perturbation and reconstruction might lead to surface
states within the band gap of semiconductors and disordered
atomic structures at the semiconductor/metal interface. In
addition, chemical disorder as well as defect-induced gap states
could be produced, dependent on the integration and fabrica-
tion processes of devices. For example, TiO, rather than Ti
might be formed at the interface if Ti is deposited on MoS,
under a high vacuum of ~1 x 10~° mbar, but Mo,S,, Ti,S, and
metallic Mo could be produced at the interface with higher
contact resistance if Ti is deposited under an ultrahigh vacuum
of ~1 x 10~° mbar.'* Although a great number of research
works have been focused on studying the interface between the
gate dielectric layer and the 2D semiconductors, only a few
research works have been focused on the contact interface
between the metal and the 2D semiconductors at the source
and drain electrodes.'>'®

High contact resistance is still the critical factor limiting the
high performance of 2D semiconductor based devices, which is
mainly due to the wide contact tunnel barrier and the high
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Schottky barrier between metal and 2D materials.'”">° So, the
Schottky barrier height (SBH) is an important parameter to
evaluate the electrical contact properties of devices.?™?* In
Schottky-Mott theory, the SBH is commonly determined by
the work function of the contact metals. The work function of
Sc, Ti, Cr, Ni, Au, Pd, and Pt is in a wide range, but the SBHs
between the 2D semiconductors and these metals are weakly
dependent on the work function of the metals owing to
complex Fermi level pinning effect,'”*> and high contact
resistance is induced.'”” With respect to three-dimensional
(3D) semiconductors, such as, Si, Ge, and III-V compounds,
2D semiconductors have a few dangling bonds on the pristine
surface and do not tend to form covalent bonds, so 2D
semiconductors stacked on the metals interact with each other
through weak van der Waals (vdW) forces, of which an addi-
tional “tunnel barrier” besides the inherent Schottky barrier
will be produced for carriers.>® This tunnel barrier blocks
the charge injection from metals greatly, resulting in higher
contact resistance. For example, the contact resistance of
monolayer MoS, on metals is up to 1 MQ um, which is more
than 30 times higher than that of Si-based devices.>*® The
right choice of metal contact in the fabrication of an electronic
device is a key step towards low contact resistance, which is
necessary to reduce power loss and to improve carrier injection
efficiency across the interface. Kang et al>! and Pan et al.”’
have performed a comprehensive ab initio study on the inter-
facial properties of TMDs contacted with metals in the top
contact configuration and offered guidance for the choice of
suitable metal electrodes in TMD-based devices. As is well
known, the interfacial states and properties of TMD/metal are
dependent on the metal electrode and contact types. Kang
et al.®* analyzed the charge densities and electronic states in
the interface regions, and they deduced that the edge contact
configuration can be highly advantageous as compared to the
top contact configuration in terms of the electron injection
efficiency. However, Cakir et al.*® found that the top contact
configuration appears to be more advantageous as compared to
the edge contact configuration in the case of monolayer MoSe,
contacted with Sc electrodes. These inconsistent results puzzle
us in selecting the metal contacts for electronic devices. There-
fore, a thorough investigation on the influences of metal
electrodes and contact modes as well as a quantitative under-
standing on the underlying physics is highly desirable.

In this paper, taking monolayer MoS, as an example, first-
principles calculations have been done to study the interfacial
electronic states and properties of 2D semiconductors con-
tacted with metals (Mg, Al, In, Cu, Ag, Au, Pd, Sc, and Ti) in
the top and edge contact configurations. It is found that the
electronic states and the SBHs are extremely sensitive to the contact
configurations and are metal dependent. The top contact configu-
ration is preferred for the Sc/monolayer MoS, system as a result of
an extremely low Schottky barrier (0.086 eV) as compared to that
(0.439 eV) in the edge contact configuration, however, the edge
contact configuration is preferred for Ag, Cu, Au, and Pd electrodes.
This is consistent with the reported results of monolayer MoS,/Sc
(Au) systems."”?® Furthermore, metal electrodes in the top contact
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configuration usually result in n-type doping of monolayer MoS,, but
lead to strong p-type doping in the edge contact configuration. The
results are discussed according to the changes in electronic states.

2. Computational method and model

The calculations are performed using the Vienna ab initio simulation
package (VASP) based on density functional theory.”*° The
electron-ion core interaction is described by the projector augmen-
ted wave potentials,®® which are more accurate than the ultra-soft
pseudo-potentials. The Perdew-Burke-Ernzerhof*” formulation
of the generalized gradient approximation is chosen to describe
the exchange-correlation interaction. The DFT-D2 approach
in the Grimme scheme is adopted to include the contribution
from the vdW interaction between layers.*® The cutoff energy for
the plane-waves is chosen to be 400 eV. The Brillouin-zone integra-
tion is performed by using an 11 x 11 x 1 k-mesh according to
the Monkhorst-Pack scheme and a Gaussian smearing broad-
ening of 0.2 eV is adopted. A conjugate-gradient algorithm is
employed to relax the ions to the ground states with an energy
convergence of 1.0 x 10~° eV and a force convergence of 0.02 eV A™*
on each ion, respectively. Chemical disorder and strong metalliza-
tion commonly occur at the interfaces of TMDs/metal. Although
the spin-orbit coupling significantly affects the electronic states
and leads to the energy band splitting for the free-standing
TMDs, the effects are negligible for TMD/metal interfaces
because of the strong Fermi level pinning effect. Thus, the
influences of spin-orbit coupling on the SBHs are negligible
and it is not considered herein. Visualizations of supercells and
structures are done using the VESTA software.**

The interface regions of monolayer MoS,/metal are modeled, in
which periodic conditions are applied in the x and y directions and
separated by a vacuum of 15 A in thickness along the z direction.
Taking into account the structural stability, the crystal planes of
different indexes are involved, that is, the (0001) plane for Mg, Al,
Sc, and Ti, the (111) plane for Cu, Ag, Au and Pd, and the (101)
plane for In. For the top contact configuration, monolayer MoS, is
stacked on metals with six layers cut from the bulk to model the
surface. Because of the different lattice constants of the metals as
well as that of monolayer MoS, (a = 3.190 A),*® the supercells of the
coincidence site lattice (CSL) in the commensurable structures are
commonly different. The in-plane supercells are constructed to
minimize the lattice misfit strain between monolayer MoS, and the
metals,*>*” in which a basis vector on a given metal surface is
denoted by n,d; + n,d,, with (d4, d,) being the basis vectors of the
primitive cell, and (n,, n,) the integers; similarly, mlz§1 +myb, is a
basis vector of the MoS, supercell, with [51, l;z) being the basis
vectors of the primitive cell, and (m,, m,) the integers. A set of
values of n,, n,, my, and m, are found so that the lattice mismatch ¢
between the supercells of monolayer MoS, and the metals meets
the following condition:

|n151'1 +I’lz(72| — ’mlf;l +I’1’l25})
-0 < — — <. 0]
‘mlbl +I’}’l2b2’
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Fig.1 Top view of Au (111) and monolayer MoS, surfaces indicating
supercell structures: (a) top contact and (b) edge contact. The primitive
basis vectors a3, a» and by, b of the Au (111) and MoS, lattices, respectively.

The /N x +/N unit cell of a given metal is adjusted to the
VM x /M unit cell of MoS,, in which N = n,% + n,% + nyn, and
M = m,®> + my> + mym,. For the in-plane lattice mismatch within
0 (0 = 5%), the supercells of the contact heterostructures are usually
large with broken symmetry. Fig. 1a as an example displays the
supercell of Au on monolayer MoS,.>” In this way, the CSLs of given
metals and monolayer MoS, are modeled, and the parameters are
listed in Table 1 and the atomic structures are shown in Fig. S1
(ESIT). In order to construct the edge contact configuration, the
monolayer MoS, nanoribbon is cut, as shown in Fig. S2 (ESIt), and
an average length of @ > 10 A and ¢ > 15 A is simulated for the
monolayer MoS, nanoribbon along the x and z directions, respec-
tively. In the edge contact configuration, the lattice constant of the
metals can be adjusted to those of the MoS, nanoribbon along the
y direction, that is, b = 5.474 A and b = 3.190 A for armchair and
zigzag terminations, respectively. As an example, Fig. 1b displays
the supercells of rectangular Au contacted with the monolayer
MoS, nanoribbon from the armchair termination. The CSLs of
metals contacted with monolayer MoS, through Mo and S atoms at
the armchair edges and that through Mo atoms at the zigzag edges
are modeled, and the parameters are listed in Table 2 and the
specific atomic structures are shown in Fig. S3 and S4 (ESIT).

Table1 In-plane supercell defined by the MoS, basis vector m151 + mZBZ
and the metal basis vector n131 + nﬁz for monolayer MoS, contacted with
metals in the top contact configuration. J represents the mismatch
between the MoS, and metal lattices

my, My Ny, Ny 0 (%)

Mg 1,0 1,0 1

Al 1,1 2,0 1.09
In 4,0 1,0 4.15
Cu 5,0 5,0 0.73
Ag 4, -1 4,0 0.93
Au 4, -1 4,0 0.81
pd 1,1 2, 0 0.34
Sc 1,1 1,1 3

Ti 1,1 1,1 4.74
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Table 2 In-plane supercell defined by the MoS, basis vector m151 + mZEZ
and the metal basis vector nﬁl + n232 for monolayer MoS; contacted with
metals in edge contact configurations through Mo and S atoms at armchair
edges and Mo atoms at zigzag edges. ¢ is the mismatch between monolayer
MoS, and metals

Through Mo and S atoms Through Mo atoms

mq, My ni, Ny 14 (%) mq, My Ny, Ny 14 (%)

Mg 1,0 1,1 0.51 Mg 1,0 1,0 0.51
Al 1,0 2,0 3.30 Al 3,0 2,2 1.85
In 1,0 —1,2 250 In 2,0 -1,2  2.94
Cu 1,0 2,0 2.36 Cu 4,0 5,0 0.36
Ag 1,0 2,0 1.80 Ag 5,0 4,2 3.29
Au 1,0 2,0 1.71 Au 4,0 4,1 2.05
pd 1,0 2,0 2.53 pPd 3,0 2,2 2.54
Sc 1,0 1,1 1.61 Sc 1,0 1,0 1.50
Ti 1,0 2,1 2.42 Ti 1,0 1,0 2.37

The atomic structures of metals contacted with monolayer MoS,
though S atoms at the zigzag edges are not shown due to the
similar atomic structure to that contacted through Mo atoms at the
zigzag edges.

3. Results

After structural optimization, the most stable atomic config-
urations of monolayer MoS,/metal contacts are obtained. Fig. 2
shows the optimized atomic structures in the top contact
configuration. The relative positions of monolayer MoS, with
respect to the metals are metal dependent, and the equilibrium
distance between them, d, is defined as the average separation
between the top metal layer and the bottom S layer of mono-
layer MoS,. Accordingly, there are three types of contact inter-
faces: (1) very weak interaction, (2) medium interaction, and (3)
strong interaction.”* For the first one, no chemical bonds exist
between metal atoms and monolayer MoS, due to a large
interface separation, but the chemical bonding is enhanced
gradually for the second and third ones as a result of reduced
interface separation. The d values are 2.645, 2.701, and 2.884 A
for monolayer MoS, on Mg, Al, and In, respectively, and they
are longer than the covalent bond lengths of Mg-S (2.46 A), Al-S
(2.26 A), and In-S (2.47 A) pairs,® respectively, indicating weak
interaction between them. The d values are 2.312, 2.558, and
2.586 A for monolayer MoS, on Cu, Ag, and Au, respectively,
and they are comparable with the covalent bond lengths of
Cu-S (2.37 A), Ag-S (2.50 A), and Au-S (2.41 A),>® respectively,
indicating medium interaction between them. The d values are
2.225,1.764, and 1.549 A for Pd, Sc, and Ti on monolayer MoS,,
respectively, and they are shorter than the covalent bond
lengths of Pd-S (2.44 A), Sc-S (2.75 A), and Ti-S (2.65 A),*®
respectively, indicating strong interaction between them. How-
ever, for monolayer MoS, contacted with metals in the edge
contact configuration, the bond length of metal-Mo (metal-S)
in the interface becomes shorter than the covalent bond length,
indicating strong chemical bonds between them (Tables S1-S3,
ESIT). The bond length of Mo-S at the interface is also influ-
enced by the strong interaction.
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Fig. 2 Side view of the atomic structure, the charge density difference, and average electrostatic potential of monolayer MoS, on metals in the top

contact configuration.

The interaction is also analyzed using the charge redistribu-
tion at the interface, of which a large charge density indicates a
strong overlap of electron orbitals and sufficient injection of
electrons into monolayer MoS,.” The charge density difference
is calculated as:

Ap(z) = JpMoSZ—memldXdy - JPMosdedJ’ - meetaldxdya (2)

in which pyos,-metaly Pmos,» a0d Pmetar are the charge densities of
the contact system, the isolated monolayer MoS,, and the
isolated metal, respectively. Fig. 2 displays the charge density
difference of monolayer MoS, contacted with metals in the top
contact configuration and the charge transfer at the interface is
evidenced. Charge transfer oscillation occurs near the interface
of monolayer MoS, on Sc/Ti, indicating strong interaction and
the formation of interfacial dipole layers.>>*° The strong inter-
facial interaction owing to orbital overlapping might promote
the injection of electrons from the metal electrodes to the
channels, and thus the tunneling and Schottky barriers will
be lowered. The tunneling barrier AV is defined as the differ-
ence between the highest average potential at the contact
interface and that at the metal surface,** and the values of AV
are pseudo-potential and exchange-correlation function
dependent.*? At the strongly hybridized interfaces, for instance,
the AV values for monolayer MoS, on Pd, Sc, and Ti are 0.294,
—7.154, and —5.484 eV, respectively, suggesting that the

3610 | J Mater. Chem. C, 2019, 7, 3607-3616

electrons can be easily injected from the metal electrodes into
monolayer MoS,. While the AV values for monolayer MoS, on
Mg, Al, In, Cu, Ag, and Au are 1.553, 4.365, 1.553, 2.770, 2.353,
and 4.029 eV, respectively, indicating that there are tunneling
barriers for electron injection, and they are consistent with the
calculated values obtained by using the quantum transport
simulations.”® So Pd, Sc, and Ti might be the ideal electrode
materials if they are contacted with monolayer MoS, in the top
contact configuration.

However, it is a different case if monolayer MoS, is contacted
with the metals in the edge contact configuration because there
are unsaturated atoms at the edges, and strong hybridization
usually occurs at the contact interfaces. As shown in Fig. 3a, the
charge densities at the interface of the edge contact configurations
are larger than that of the top contact configurations by more than
500%, demonstrating strong chemical bonding between mono-
layer MoS, and the metals. This can also be evidenced from the
charge density difference, for example, a large charge density is
accumulated at the interface when MoS, is contacted with either
Mg or Sc in the edge contact configuration, but the similar case
only occurs for monolayer MoS, contacted with Sc in the top
contact configuration (Fig. 3b and c). Fig. 4 displays the average
electrostatic potential of monolayer MoS, contacted with metals in
the edge contact configuration. The average value increases from
metals to MoS, at the interface gradually due to the charge transfer
between them, and no tunneling barrier appears.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Total charge in the interface of monolayer MoS,/metals. The
black, red, blue, and magenta colors are used to denote the results in the
top contact configuration, edge contact configurations through Mo and S
atoms at the armchair termination, Mo atoms at the zigzag termination,
and S atoms at the zigzag termination, respectively. (b) and (c) Charge
density difference of MoS, contacted with Mg and Sc, respectively. The red
and turquoise isosurfaces represent gain and depletion of charge density
of 0.005 e A™>.

Fig. 5 displays the total and partial density of states (DOS) of
monolayer MoS, contacted with metals in the top contact
configuration. As compared with perfect monolayer MoS,, the
DOS changes little when it is contacted with Mg, Al, In, Cu, Ag,
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and Au in the top contact configuration. This confirms the
weak interaction between them. There are no electronic states
near the Fermi level Ey, characteristic of semiconductors.
However, some electronic states emerge near the Fermi level
Eyg, characteristic of metallic features, if monolayer MoS, is
contacted with Pd, Sc, and Ti. For the top contact configuration,
half of the sulphur atoms are located at the interface, and they
are denoted as Sp; the sulphur atoms far away from the inter-
face are denoted as S,,. The DOSs of the S}, and S,;, atoms are
similar to each other, that is, independent of the position of the
S atom. As an example, the PDOSs projected on each Mo and S
atom of the MoS, nanoribbons contacted with Au electrodes in
the edge contact configuration are calculated, and the results
are shown in Fig. S5 (ESIT). It is found that only the PDOSs of
the first-row Mo(S) atoms closest to the Au electrode are
distinctly different from those in perfect single-layer MoS,,
but the PDOSs of the other Mo(S) atoms are almost the same
as those in perfect single-layer MoS,. So, the first-row Mo(S)
atoms closest to the Au electrodes are defined as the interfacial
Mo(S) atoms and marked by the number “(1)” in Fig. S5 (ESIf),
and they are denoted by Moy,(Sp,), and the other Mo(S) atoms are
defined as the inner atoms and denoted by Moy,,(Syp). Generally,
the metallized first-row Mo(S) atoms at the interface and the
metal electrode are considered as a whole, and the electronic
states, conduction band minimum (CBM) and valence band
maximum (VBM) of the MoS, nanoribbons as well as the
Schottky barrier with the metal electrodes are analyzed and
discussed upon exclusion of the metallized first-row Mo(S)

20 0 20 0 -20 0 20 0 20 0 -15 0 [[20 0 20 0 -20 0
V (eV) V(eV) V(eV)
(a) Mg (b) Al ©In

20 0 20 0 -20 O |[-20 -10 -15 0 .15 0 20 0 20 0 20 0
V (eV) V (eV) V (eV)
(d) Cu (e) Ag (f) Au

20 0 20 0 -40 -20 0 |20 0O 20 O 20 0 -5 0 <15 0 -15 0
V (eV) V (eV) V (eV)
(9) Pd (h) Sc (i) Ti

Fig. 4 Average electrostatic potential of monolayer MoS, contacted with metals in edge contact configurations. The black, red, and blue lines are used
to denote the edge contact configuration through Mo and S atoms at the armchair termination, Mo atoms at the zigzag termination, and S atoms at the
zigzag termination, respectively. The green line represents the average value.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Total and partial density of states (DOS) of monolayer MoS, contacted with metals in the top configuration: (a) Mg, (b) AL, (c) In, (d) Cu, (e) Ag,
(f) Au, (g) Pd, (h) Sc, and (i) Ti. Sp, (red line) and S, (blue line) are the sulphur atoms at the interface and far away from the interface, respectively, and
Mo (magenta lines) is the molybdenum atom in monolayer MoS, on metals.

atoms at the interface. Furthermore, the electronic states of the
MoS, nanoribbons with different widths along the z direction
are calculated to study the influences of the nanoribbon width
on the contact properties in the edge contact configuration.
As shown in Fig. S6 (ESIT), the DOSs are almost coincident with
each other, independent of the nanoribbon width. So, the arm-
chair (zigzag) MoS, nanoribbons with a width of about 21.2 A
(26 A) and contacted with Au electrodes in the edge contact
configuration are adopted as an example. Wang et al.** found
that the band gap of the armchair MoS, nanoribbon changes
with increasing ribbon width but converges to 0.544 eV at the
ribbon width of 12 (N > 12). However, the armchair MoS,
nanoribbons with widths larger than 21.2 A (N > 14) are adopted
in our calculations, and the width dependence of the band gap is
negligible. In addition, taking into account the enormous com-
putational source required, the nanoribbon width along the y
direction cannot be changed into a large value, and thus the
periodic condition is adopted along the y direction and the
influence of the ribbon width along this direction is not con-
sidered herein. Interestingly, in spite of the strong interaction
between MoS, and metals in the edge contact configuration, the
DOS is quite similar to that of pristine monolayer MoS, (Fig. 6
and Fig. S7, S8, ESIT). In the edge contact configuration with the

3612 | J Mater. Chem. C, 2019, 7, 3607-3616

zigzag termination, only one MoS, unit is bonded with the
metals, so the interfacial effect on the electronic states of MoS,
is negligible as a whole, although the electronic states of Mo and
S atoms (Mo}, and Sp,) at the interface are significantly perturbed.
The electronic states near the Fermi level originate mainly from
the Mo, atom but also a little from the S, atom (Fig. 6).
Evidently, the electronic states of Mo and S atoms (Mo, and
Snb) far away from the interface are hardly affected.

The tunnel and Schottky barriers are crucial to the device
performances. As shown in Fig. 7, the n-type Schottky barrier is
indeed the energy difference of the CBM with respect to the
Fermi level Eg, while the p-type Schottky barrier is indeed the
energy difference of the VBM with respect to the Fermi level Er.
As for monolayer MoS, contacted with metals in the top contact
configuration, the Fermi level Er is pinned close to the CBM,
characteristic of n-type Schottky barriers. The barrier height
&sp n Of monolayer MoS, contacted with Al, In, Mg, Ag, Au, Cu,
and Pd in the top contact configuration is 0.212, 0.248, 0.260,
0.405, 0.440, 0.537, and 0.729 eV, respectively. But, the SBH
could not be properly determined for monolayer MoS, con-
tacted with Sc and Ti in the top contact configuration because
monolayer MoS, almost changed into a metal as a result of the
strong interaction between them. Lu et al.*® and Lee et al.*®

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Total (up panel) and partial (down panel) DOS of monolayer MoS, contacted with metals in the edge contact configuration through Mo and S

atoms at the armchair termination: (a) Mg, (b) AL (c) In, (d) Cu, (e) Ag, (f) Au,
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atoms at the interface and far away from the interface, respectively. Similarly, Moy, (blue line) and Moy, (dark yellow line) are the molybdenum atoms at

the interface and far away from the interface, respectively.

reported that the SBH between N-layer 2D semiconductors and
strongly interacted metals might be estimated from the electronic
states of the (N + 1)layer counterpart. Hence, the electronic
structures of bilayer MoS, contacted with Sc and Ti on the top
were calculated to estimate the SBH of the monolayer counterparts.
The ®gpy values of MoS, contacted with Sc and Ti in the top
contact configuration are 0.086 and 0.411 €V, respectively. More-
over, the previously reported experimental and theoretical SBH
values are listed in Table S4 (ESIf) for comparison. Liu et al
obtained the small SBH value of 0.06 eV if Au electrodes are directly
deposited on MoS, in a top contact configuration.”” Kim et al.>®
found the large SBH value of 0.32 eV when MoS, is stamped onto
pre-patterned Au electrodes. Kang et al.>* and Dong et al.*® illu-
strated the bipolar characteristics of MoS, on Pd. The prediction of
the n-type Schottky contact of ours is confirmed by the calculations
of Gong’s group.”® The differences between the experimental and
theoretical results of SBH might be ascribed to the interfacial
defects in the experimental samples and the different measure-
ment conditions, which are not taken into account in theoretical
calculations. This will be studied in detail in the future.

It is a completely different case for monolayer MoS,
contacted with metals in the edge contact configuration.

This journal is © The Royal Society of Chemistry 2019

As mentioned above, only the PDOSs of Moy(Sp) atoms at the
interface are characteristic of metallic features (Fig. 6 and
Fig. S7, S8, ESIt), and the metallized Moy(Sp) atoms and the
metal electrode are generally considered as a whole. So, the
Schottky barrier of MoS, contacted with the metal in the edge
contact configuration can be obtained by analyzing the electro-
nic states of Moy, and Sy, atoms in monolayer MoS,. As shown
in Fig. 7b~d, p-type Schottky barriers will be produced for MoS,,
except for that of MoS, contacted with Ti and Sc through S
atoms at the zigzag termination. It should be noted that the
Schottky barrier is the lowest (~0.3 eV) if monolayer MoS, is
contacted with metals through Mo atoms at the zigzag termina-
tion, but it is highest (> 0.5 eV) if monolayer MoS, is contacted
with metals through S atoms at the zigzag termination. As for
the MoS,/Sc system, the Schottky barrier of the edge contact
configuration is much higher than that of the top contact
configuration. But, the Schottky barriers are reduced for mono-
layer MoS, contacted with Ag, Cu, Au and Pd in the edge contact
configuration, especially for that contacted through Mo at the
zigzag termination. So, the top contact configuration is highly
preferred if Sc is used as the electrode in monolayer MoS, based
devices, but the edge contact configuration is highly preferred

J. Mater. Chem. C, 2019, 7, 3607-3616 | 3613
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for Ag, Cu, Au, and Pd electrodes. Besides, an n-type Schottky
contact will be formed for the top contact mode, but a p-type

Schottky contact will be formed for the edge contact mode.

The pinning factor and the charge neutrality level were
adopted to describe the Fermi level pinning effect.*® According

to the Schottky-Mott rule,

the SBH for electrons (Psp ) is given
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Fig. 8 SBH of monolayer MoS,/metals as a function of work function of metals: (a) top contact configuration, (b) edge contact configuration through
Mo and S atoms at armchair termination, (c) and (d) edge contact configuration through Mo and S atoms at zigzag termination, respectively.
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by the difference between the work function of a metal (W)
and the electron affinity of the semiconductor ():

Pspn = Wy — 1 (3)

The n-type SBH is characterized by the pinning factor (S) and
the charge neutrality level (CNL, @cny).

Dspn = S(Wum — Poni) + (Pent, — 1) = SWw + b. (4)

These can be used as figures of merits calculated from the
slope of the linear fitted line and the SBH. S is indeed the slope,
S = d®gp n/dWy; S = 1 for an unpinned interface and S = 0 for a
strongly pinned interface. The p-type SBH (®spp) decreases
with increasing Wy,

Pspp = 1+ Eg — W, (5)

in which E, is the band gap of the semiconductor. The sum of
the electron affinity and the band gap is the VBM. The slope of
the p-type Schottky barrier vs. Wy (S = d®sp p/dWy,) will be —1
for the unpinned case. The pinning factor and ®cyy, for the
p-type SBH can be estimated as:

Dspp = S(Wat — Do) + (x + Eg — Pont) = SWa + b. (6)

Fig. 8 shows the Schottky barriers vs. Wy, for monolayer
MoS, contacted with metals. The calculated S value is 0.257 for
monolayer MoS, contacted with metals in the top contact
configuration, which is consistent with the reported theoretical
value of 0.27.°° Actually, the theoretical value is substantially
larger than the experimental value of S ~ 0.1."7?® The difference
might be due to the enhanced Fermi pining effect from the
structural defects in the experimental samples. Both the experi-
mental and theoretical results exhibit a strong p-type feature for
monolayer MoTe, contacted with metals in the top contact
configuration, and the Fermi level pinning effect is evidenced
with the S values of —0.07 and —0.17, respectively.”>>' Similar
behaviors are observed for monolayer MoS, contacted with
metals in the edge contact configurations, in which the S values
of —0.009, —0.132, and —0.172 are obtained for MoS, contacted
with metals in the edge contact configuration through Mo and S
atoms at the armchair termination, Mo atoms at the zigzag
termination, and S atoms at the zigzag termination, respec-
tively. Therefore, the dipole moment in the MoS,-based device
can be modulated by changing the contact mode at the source
and drain ends. Although the strong Fermi pinning effect in
monolayer MoS, contacted with metals on the top might be
suppressed through surface passivation and 2D material
intercalation,>"* it is still challenging to weaken the Fermi
pinning effect at the monolayer MoS,-metal interface in the
edge contact mode.

4. Conclusions

The influences of contact configurations on the interfacial
electronic states between monolayer MoS, and metals (Mg, Al,
In, Cu, Ag, Au, Pd, Sc, and Ti) are studied by using first-principles
calculations. As for the Sc/monolayer MoS, system, the SBH

This journal is © The Royal Society of Chemistry 2019
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(0.086 eV) is extremely low in the top contact configuration, and
it is large (>0.439 eV) in the edge contact configuration, that is,
the top contact configuration is preferred for such a system.
However, the SBHs of monolayer MoS, contacted with Cu, Ag,
Au, and Pd in the edge contact configuration are lower than
those in the top contact configuration. The top contact configu-
ration always exhibits n-type doping, but it is p-type for the edge
contact configuration. Accordingly, the dipole moment could be
modulated by changing the contact configurations for mono-
layer MoS, contacted with metals. Furthermore, a strong Fermi
level pinning effect occurs in the monolayer MoS,/metal contact.
The results provide us with theoretical guidance for the selection
of metals and contact modes for 2D material devices.
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