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ABSTRACT: Monolayer (ML) transition-metal dichalcogenides are considered as
promising channel materials in next-generation transistors. Using ab initio energy band
calculations and more reliable ab initio quantum transport simulations, we study the
interfacial properties of ML MoSe,—metal interfaces (metals = Al, Ag, Pt, Cr, Ni, and
Ti). Weak or medium adsorption is found between ML MoSe, and the Al, Ag, and Pt
surfaces with the band structure of ML MoSe, preserved, while strong adsorption is
found between ML MoSe, and the Ni, Ti, and Cr surfaces with the band structure of
ML MoSe, destroyed. The two methods give similar polarity and height of Schottky
barriers for ML MoSe, with Al, Ag, Pt, and Ti electrodes. ML MoSe, forms an n-type
Schottky contact with Ag, Ti, and Al electrodes with electron Schottky barrier heights
(SBH) of 0.25, 0.29, and 0.56 €V, respectively, and a p-type Schottky contact with Pt
electrode with hole SBH of 0.78 eV according to ab initio quantum transport
simulations. Our study offers a guidance for the choices of suitable metal electrodes in
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B INTRODUCTION

Transition metal dichalcogenides (TMDs) with the formula
MX, (where M = Mo, W and X = S, Se, and Te) are layered
materials characterized by weak interplanar van der Waals
coupling and strong in-plane covalent bond."” High quality few
layers or even a single layer large area TMDs have been
successfully fabrlcated with different methods, such as chemical
vapor depos1t10n, molecular beam epitaxy,” and liquid
exfoliation® efc. What is more, the 2D TMDs, with extremely
small thickness (a few angstrom) and the dangling-bond-free
surfaces, exhibit a moderate band gap of E, ~ 1-2 eV, A
variety of prototype devices based on the 2D TMDs have been
constructed or proposed, such as ﬁeld effect transistors
(FETs),8 * fully integrated c1rcu1ts, sensors,' " spintronic
devices,"* and valleytronic devices.'™"® Most of the researches
of the 2D TMDs are focused on 2D MoS, and WSe,. MoSe,, as
a Se counterpart of MoS,, has a band gap from indirect of 1.1
eV in bulk to direct of 1.5 eV in monolayer (ML)."**° Few-
layer MoSe, FETs contacted with Ni and Ti electrodes have
been fabricated with a current on/off ratio up to 10° and a field-
effect motility of 150—200 cm?/(V-s).>**"** Thus, MoSe, is a
promising candidate in electronic applications similar to MoS,.

Making devices out of 2D TMDs is inevitable to contact with
metals. The quality of the electrical contacts is as crucial to the
performance of the device as the semiconductor itself.”**

-4 ACS Publications  © 2016 American Chemical Society

Because a finite Schottky barrier usually appears in such
electrical contacts, the carrier injection efficiency will decrease.
Obviously, how to decrease Schottky barrier height (SBH) is
one of the most important thing to gain a high performance of
a device. However, the SBH does not merely depend on the
discrepancy between the intrinsic Fermi level (E;) of a metal
and the intrinsic conduction band minimum (CBM) or valence
band maximum (VBM) of the semiconductor owing to the
complex Fermi level pinning. Besides, in the absence of a
controllable and sustainable substitutional doping scheme,
injecting appropriate types of carriers into the respective bands
of 2D TMDs has to rely on the work function of contact
metals.”” Understanding the property of 2D TMDs semi-
conductor metal interfaces is of great importance.

Compared with the substantial theoretical studies of MoS,
and WSez,ZS_BO where a lot of metal electrodes (Sc, Ti, Al, Ag,
Cu, Ay, Ni, Pt, Pd) have been taken into account, those of ML
MoSe,—metal contacts are limited, and only Sc and Au
electrodes are considered.”" Apparently, more metal electrodes
are worthy of consideration. In the article, we explore the
interfacial characterizes of ML MoSe, both on high work
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Table 1. Calculated Interfacial Properties of ML MoSe, on the Metal Electrodes”

metal e (%) dsey (A) E, (eV) Wy (eV) W (eV) @, (eV) @, (eV) D4 (eV) Dl(eV) EgT(eV)
Al 0.83 3.24 0.04 4.15 4.34 0.52° 0.00 0.56 0.76 1.32
Ag 0.21 2.74 0.13 4.45 4.42 0.29° 0.00 0.25 1.21 1.46
Pt 4.11 2.80 0.29 5.72 5.28 0.55¢ 0.00 1.06 0.78 1.84
Ti 2.24 2.29 0.71 4.40 4.45 0.00 0.43° 0.29 0.76 1.05
Ni 1.02 2.23 0.47 5.20 5.17 0.00 0.23° - - -
Cr 191 2.38 0.77 4.17 4.38 0.00 0.37° - - -

“The lattice mismatches is €. The equilibrium distance dg, ) is the averaged distance between the surface Se atoms and relaxed positions of the
topmost metal layer in the direction vertical to the interfaces. E,, is the binding energy. Wy, and W are the calculated work functions for the clean
metal surface and the metal surface adsorbed by ML MoSe,, respectively. @y (@) is the vertical (Iateral) SBHs obtained from ab initio band
calculations. @ (@) is the electron (hole) SBH obtained from ab initio quantum transport simulations. E is the transport band gap extracted from
ab initio quantum transport simulations. The work function of ML MoSe, is 4.70 V. “For electron SBH “For hole SBH.

function metals Ni and Pt and low work function metals Al, Ag,
Ti, and Cr for the first time by applying ab initio energy band
calculations and ab initio quantum transport simulations. It is
found that ML MoSe, forms weak or medium adsorption with
the Al, Ag, and Pt electrodes with the band structure of ML
MoSe, preserved and strong adsorption with Ni, Ti, and Cr
electrode with the band structure of ML MoSe, destroyed. In
consideration of the more precise ab initio quantum transport
simulations, n-type Schottky contact come into being between
ML MoSe, and the Ag, Ti, and Al electrodes with SBH of 0.25,
0.29, and 0.56 eV, respectively, and p-type Schottky contact is
formed between ML MoSe, and Pt electrode with SBH of 0.78
eV. Hence, an opportunity is provided to form ML MoSe, p—n
junctions by different metal contacts on the two ends of ML
MoSe, without resort of additional doping.

B METHODOLOGY

We use five layers of metal atoms to simulate the metal surface
and built a supercell with ML MoSe, adsorbed on the metal
surface. Five-layer metal atoms to model the metal surfaces can
give converged properties of the contact system in terms of the
convergence tests done in the previous studies.”*”*”** Al, Ag,
Ni, and Pt in (111) orientation, Ti in (0001) orientation, and
Cr in (001) orientation are chosen because they have a high
stability and commonly used; especially, the former five
orientations correspond to the close-packed face.”**”**** The
in-plane lattice parameter of ML MoSe, is a = 3.33 A, which is
in good agreement with the experimental value.”> The ML
MoSe, /3 X \/ 3 unit cell is adjusted to the 2 X 2 unit cells of
Al, Ag, Pt, and Ti, the ML MoSe, 2 X 2 unit cell is adjusted to
the 2\/2 X 2\/2 unit cells of Ni, and the ML MoSe, \/3 X
2\/ 2 unit cell is adjusted to the 2 X 2\/ 2 unit cells of Cr. The
matches are reasonable with all mismatches of smaller than
4.2% (see Table 1). To prevent spurious interaction between
periodic images, a vacuum buffer space is set with the value of
at least 15 A. ML MoSe, mainly interacts with the topmost two
layers metal atoms, so the bottom three layers of metal atoms
are fixed.

We use plane wave basis set and projector augmented wave
(PAW) method®® implemented in the Vienna ab initio
simulation package (VASP) code to optimize the structures.
The generalized gradient approximation (GGA) functional®” to
the exchange-correction functional of Perdew—Wang 91
(PW91)** form is adopted. The plane-wave cut off energy is
set to 450 eV to ensure the accuracy. The Brillouin zone are
sampled by 3 X 3 X 1 special k-points for optimizing these
structures and 25 X 25 X 1 to get the densrtles of states (DOS)
using the Monkhorst—Pack scheme.”” The calculation will not
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finish until the force is less than 0.01 eV/A on each atom and
the energy between two successive steps is less than 107> eV.
A gated two-probe model is established to simulate a FET
with the most stable ML MoSe,—metal interfaces as the
electrodes and the pure ML MoSe, as the channel. Transport
properties of the FET are calculated by using DFT coupled
with nonequilibrium Green’s function (NEGF) method, as
implemented in the ATK 11.8 package.”’™* We utilize the
single-{ plus polarization (SZP) basis set in the device
simulations. GGA of PBE form to the exchange-correlation
functional is used through the dev1ce simulations. The
Monkhorst—Pack k-point meshes®™ for electrodes and the
central region are sampled with 50 X 50 X 1 and 1 X 50 X 1,
separately. The temperature is set to 300 K, and the real-space
mesh cutoff is at 75 hartree. We use the Neumann condition on
the boundaries of the direction vertical to the ML MoSe, plane.
On the surfaces connecting the electrodes and the central
region, Dirichlet boundary condition is employed to ensure the
charge neutrality in the source and the drain region. The
transmission coefficient T% (E) (k,, is a reciprocal lattice
vector point along a surface-parallel direction (orthogonal to
the transmission direction) in the irreducible Brillouin zone
(IBZ)) is calculated as
TH(E) = Tr[FLk”(E)Gk”(E)FRk”(E)Gk”T(E)] (1)
where, G is the retarded (advanced) Green’s function and
i"/R (E) = l(zzlﬂ2 22/1‘2) presents the level broadening due
to left electrode and right electrodes expressed in reference to
the electrode self-energies ZL/R, which reflects the effect of
electrodes on the scattering region.”’ The transmission function
at a given energy T (E) is averaged over different k; in the IBZ.

B RESULTS AND DISCUSSIONS

Geometry and Stability of ML MoSe,—Metal Inter-
faces. We consider three high-symmetry initial configurations
of ML MoSe, on the Al, Ag, and Pt (111) surfaces. In general, a
high-symmetry configuration is more stable than a low-
symmetry one and often selected as initial configuration in an
actual simulation. In the first initial configuration, the Se atoms
sit above the fcc (center of the triangle formed by three
neighboring metal surface atoms and having no atom right
beneath in the subsurface layer), hcp (center of the triangle
formed by three neighboring metal surface atoms and having an
atom right beneath in the subsurface layer), and top (right on
the top of a metal surface atom) surface sites, and the Mo
atoms sit above the centers of the triangle formed by the fcc,
hep, and top surface sites. In the second initial configuration,
the Mo atoms sit above the fcc, hep and top surface sites, and
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the Se atoms are above the centers of the triangles formed by
the fcc, hep, and top surface sites. In the third initial
configuration, the Mo and Se atoms are all above the centers
of the triangles formed by the fcc, hep, and top surface sites.
The most stable configuration of the ML MoSe,—Ag interface
comes from the first initial configuration and is shown in Figure
1b. The most stable configuration of the ML MoSe,—Al and
—Pt interfaces come from the second initial configuration and
are shown in Figure 1(c).

(d) (e) (f)

Ti(0001) Cr(001) Ni(111)

Figure 1. Interfacial structures of the most stable configuration of ML
MoSe, on the metal surfaces. (a) Side views of ML MoSe, on the
metal surfaces. (b) Top view of ML MoSe, on the Ag(111) surface.
(c) Top views of MoSe, on the Al/Pt(111) surfaces. (d) Top view of
ML MoSe, on the Ti(0001) surface. (e) Top views of MoSe, on the
Cr(001) surface. (f) Top views of MoSe, on the Ni(111) surface. The
rhombi plotted in black line shows the unit cell for each structure. The
yellow and light blue balls present Se and Mo atoms, respectively.

We adopt two initial configurations of ML MoSe,—Ti
(0001), Cr (001), and Ni (111) surfaces. For ML MoSe, on the
Ti (0001) surface: the first is that the Mo atoms site above the
top metal atoms and the Se atoms site above the centers of
triangles, while the second is that the Se atoms site above the
top metal atoms and the Mo atoms site above centers of
triangles. The most stable configuration of ML MoSe,—Ti
interface is shown in Figure 1(d), which comes from the first
initial configuration. For ML MoSe, on the Cr (001) surface:
One is that the four vertex Mo atoms in the supercell site above
the top metal atoms, and the other is the four vertex Se atoms
in the supercell site above the top metal atoms. The most stable
configuration of ML MoSe,—Cr interface is shown in Figure le,
which originates from the first initial one. For ML MoSe, on
the Ni (111) surface: One is that the four vertex Mo atoms in
the supercell site above the top metal atoms, while the other is
one of the Mo atom inside the rhombus sites above the top
metal atoms. The most stable configuration of ML MoSe,—Cr
interface is shown in Figure 1f, which comes from the first
initial configuration.

Table 1 is the summary of the calculated key results of ML
MoSe,—metal interfaces studied in this work. The equilibrium
interfacial distances dg, is defined as the difference between
the average z-coordinates (vertical to the interface) of the
bottom layer Se atoms and the topmost layer metal atoms
(Figure 1a). It varies from 2.29—3.24 A, decreasing in the order
of Al > Pt > Ag > Cr > Ti > Ni. The binding energy per
interfacial Se atom is defined as

Eb = (‘EMoSe2 + Emetal - EMoSez—metal)/NSe (2)

where Eyoses Emetaty EMose,—metal are the relaxed energies for ML

MoSe,, the metal surface, and the ML MoSe,—metal system,
respectively, and N, is the number of interface Se atoms in a
supercell. In view of dg.; and E,, three types of adsorption of
ML MoSe,—metal interfaces are classified. Al and Ag have weak
adsorption and large interfacial distances with ML MoSe, (E, =
0.04—0.13 eV and dg, y = 2.74—3.24 A), and Pt has a medium
adsorption and interfacial distance with ML MoSe, (E, = 0.29
eV and dg. = 2.80 A), and Ni, Ti, and Cr have a strong
adsorption and a small distance with ML MoSe, (E, = 0.47—
0.77 eV and dg.p = 2.23-2.38 A).

Electronic Structure of ML MoSe,—Metal Interfaces.
The band structures of the interfacial systems and pure ML
MoSe, are shown in Figure 2. The direct band gap of the pure

F N TR ] RS I N1
V(ev) VieV)

3D

EOE RO IR M) N R R
VieV) V(eV)

F R T I EE O TR
V(eV) V(eV)

Figure 2. Side view of the optimized structures and average effective
potentials in planes normal to the interface of ML MoSe, systems with
Al, Ag, Pt, Ti, Cr, and Nj, respectively. The Fermi level is set to zero.

ML MoSe, is 1.41 eV, which is consistent with the previous
density functional theory (DFT) value of 144 eV.*’ The
hybridization degrees of the band structures for ML MoSe,
adsorbed on metals are different. When contacted with Ni, Ti,
and Cr, both the conduction and the valence bands of ML
MoSe, are seriously destroyed, suggestive of a strong band
hybridization (mixtures of the bands of the interfacial metal
atoms and those of the interfacial Se atoms). Though the
valence bands of ML MoSe, are destroyed weakly, the
conduction band is still reserved well (suggestive of a moderate
hybridization), when contacted with Pt. The band of ML
MoSe, is still discernible (suggestive of a slight hybridization)
when contacted with Ag and Al The different hybridization
degrees result from the different occupied level and radius of d-
orbital of metals. Pt, Ni, Ti, and Cr have partially occupied d-
orbitals, which form covalent bond with the 4p orbitals of the
interfacial Se atoms and lead to a larger binding energy (E, =
0.29—0.77 V). Pt has a larger d-orbital radius than Ti, Ni, and
Cr and therefore has a weaker hybridization degree and a
weaker adsorption than Ti, Ni, and Cr. Al has unfilled d-orbitals
and Ag has fully filled d-orbital, and thus the d-orbitals of Ag
and Al hardly form covalent bond with the orbitals of the
interfacial Se atoms, causing a preservation of the band
structure of MoSe, and a smaller binding energy with MoSe,
(E, =0.04 and 0.13 eV for Al and Ag, respectively). The weaker
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Figure 3. Band structures of pure MoSe, (\/ 3 X \/ 3) and ML MoSe,—Al, —Ag, —Pt, —Ni, —Cr, and —Ti contacts, respectively. Gray line: band
structures of ML MoSe,—metal systems; red line: band structures of ML MoSe,. The line width is proportional to the weight. The Fermi level is at

zero energy. Diagram of the bottom right: the two-dimensional Brillouin zone of ML MoSe, for the \/ 3 X \/ 3 and the

\/3 X 2\/2 unit cells.
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Figure 4. Partial density of states (PDOS) (DOS on specified atoms and orbitals, for example, Mo-d (d-orbital on Mo) of MoSe, on the Al, Ag, Pt,
Ti, Cr, and Ni surfaces at the DFT level. The Fermi level is at zero energy. The PDOS of free-standing MoSe, calculated in a primitive unit cell and a

3 X \/ 3 supercell is provided for comparison.

adhesion of Al to MoSe, is ascribed to a lower doping (charge
transfer between metals and ML MoSe,) level of Al to MoSe,
than Ag to MoSe,, which is apparent from a smaller deviation
of E; to the band gap center in Al (0.24 eV) than Ag (0.40 eV).

To deeply understand the hybridization degree of the band
structures for ML MoSe, adsorbed on metals, we calculate the
partial density of states (PDOS) on Se and Mo orbitals of ML
MoSe,—metal systems as shown in Figure 4. It is mainly the
Mo d and Se sp states that arise in the pristine band gap of ML
MoSe,, while the Mo sp states are invariable after ML MoSe,
adsorbed on the investigated metals. In slight hybridization
(ML MoSe,—Al and -Ag interfaces), only a small portion of Mo
and Se states distribute in the pristine band gap of ML MoSe,

and the valence and conduction bands can be identified, thus
ML MoSe, still preserves most semiconducting natures. In
moderate and strong hybridization (ML MoSe,—Pt, Ni, Ti, and
Cr interfaces), a large portion of Mo and Se states arise in the
original band gap of ML MoSe,. The PDOS at E; decreases in
the order: Cr > Ti > Ni > Pt > Ag > Al, which is consistent with
the band structure hybridization degree. Together with the fact
that a large amount of bands of ML MoSe, appear at the
original band gap of free-standing ML MoSe, in the ML
MoSe,—Ti, Ni, and Cr systems (Figure 3.), we can identify a
metallization for ML MoSe, at these surfaces.

The schematic drawing of a ML MoSe, FET is shown in
Figure 8a. The most reasonable interfacial model to describe
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the 2D FET’s Schottky barriers is dual-interfaces model in our
opinion, which has been extensively adopted in the previous
studies.””””** According to the dual-interfaces model, Schottky
barriers can arise at either of the two distinct interfaces in ML
MoSe, FETs: One is between the contacted metal and the
below ML MoSe, in the vertical direction if the adsorption
between the 2D material and metals is weak or medium
(labeled interface B, and the corresponding SBH is labeled @y),
and the other is between the strongly contacted systems and
the channel ML MoSe, in the lateral direction if the contacted
2D semiconductor undergoes a metallization as a result of
strong interaction with metal (labeled interface D, and the
corresponding SBH is labeled @;). Besides, tunneling barrier
can come out at interface B when electrons traverse the gap
(normally van der Waals gap) between ML MoSe, and metals.

For ML MoSe2 on the Al, Ag, and Pt electrodes, the
adhesion is weak or medium, and therefore the Schottky
barriers appear in the vertical direction. Vertical SBHs @y, can
be extracted from the energy band structure (depicted in Figure
3) by comparing the Fermi level and the identifiable band edges
of ML MoSe, in the interfacial system. The extracted electron
SBHs @7 of Ag and Al electrodes are 0.29 and 0.52 eV,
respectively, while the hole SBH @ of Pt electrode is 0.55 eV.
The vertical SBH of Ti, Ni, and Cr electrodes vanish owing to
the band hybridizations between ML MoSe, and Ni, Ti, and Cr
electrodes, which leads to a metallization of ML MoSe, under
metals.

For ML MoSe, on Ti, Ni, and Cr electrode, the adhesion is
strong, and thus the Schottky barriers appear in the lateral
direction. The energy differences from the interfacial system E;
to the CBM (VBM) of freestanding channel ML MoSe,
determine the lateral electron SBHs ®; (hole SBHs ®!) in
the energy band scheme. ***° According to such a scheme, the
lateral hole SBH ®! of Ni electrode is 0.23 eV, and the electron
SBHs @] of Cr and Ti are 0.37 and 0.43 eV, respectively. The
tunneling barrier AV is defined as the potential energy above E;
at the interfaces between ML MoSe, and the metal. The
potential profiles at the vertical ML MoSe,—metal interfaces are
shown in Figure 2. No tunneling barriers appear at all the ML
MoSe,—metal interfaces because the potentials at interface are
below the Fermi level.

Quantum Transport Simulations and Comparison of
the Schottky Barriers. To further clarify the contact
properties of the real ML MoSe, FET, ML MoSe, FETs with
Ag, Al, Ti, and Pt electrodes are simulated. The transmission
spectra of those ML MoSe, FETs with the channel length L = §
nm at zero bias are depicted in Figure 5. According our
experiences in previous work,"® a § nm channel is enough to
present SBHs of 2D semiconductor transistors. What’s more,
the transport gap of S nm channel ML MoSe, is consistent with
the band gap of pure ML MoSe,. The electron (hole) SBHs are
extracted by the divergence between the Fermi level and the
CBM (VBM) in the zero transmission spectra. ML MoSe,
forms n-type Schottky contact with Ag, Ti, and Al electrodes
with electron SBH of 0.25, 0.29, and 0.56 eV, respectively,
while forms p-type Schottky contact with Pt electrode with hole
SBH of 0.78 eV. The transport gap is a sum of electron and
hole SBH: EgT = @5 + @, and the transport gap EgT for Ti, Al
Ag, and Pt electrodes is 1.05, 1.32, 1.46, and 1.84 eV,
respectively, contrasted with a band gap of 1.41 eV for pristine
ML MoSe, in the energy band calculation.

Local device density of state (LDDOS) is visualization of the
energy band in real space. We calculate the LDDOS in ML

5 25 ;
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5 : )
‘? 1.5 : 1.54 :
2 ; '
& 10 E 1.0/ f
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Figure S. Zero-bias transmission spectra of ML MoSe, FETS with Ag,
Al, Ti, and Pt electrodes. The channel length is 5 nm.

MoSe, FETs with Ag, Al, Ti, and Pt electrodes, as shown in
Figure 6. The SBHs in ML MoSe, FETs extracted from the

1.0
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-1l
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Figure 6. LDDOS in color coding for ML MoSe, FETs of channel
length L = S nm with Ag, Al, Ti, and Pt electrodes, respectively. The
Fermi level is at zero energy. The SBHs are indicated and determined
from the difference between E;and the CBM or VBM.

LDDOS are similar to those calculated in transmission spectra.
ML MoSe, with Ag, Ti, and Al electrodes are n-type Schottky
FETs with SBHs of 0.22, 040, and 0.61 eV, respectively,
compared with the respective values of 0.25, 0.29, and 0.56 eV
obtained from the transmission spectra. ML MoSe, with Pt
electrode is p-type Schottky FET with SBH of 0.70 eV, alike to
the value of 0.78 eV obtained from the transmission spectra.

A vital nature in a metal—semiconductor interfaces is band
bending away from the contact. For ML MoSe, contacting with
Ag electrode, the conduction band is slightly bent upward due
to electrons divert from electrodes to channel ML MoSe,. For
ML MoSe, contacting with Al and Ti electrodes, the
conduction bands are apparently bent upward because of
electrons divert from electrodes to channel ML MoSe, forming
a n-type contact. For MoSe, contacting with Pt, the valence
band is bend down, because an inverse electrons divert from
electrodes to channel ML MoSe, forming a p-type contact, as
shown in Figure 6.
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The metal—semiconductor coupling in a FET takes place
either at the interface B between metal electrodes and the
below 2D semiconductor or at the interface D between the
metallized electrodes and channel semiconductor. Both the two
couplings are taken into account in ab initio quantum transport
simulations because the FET is treated as a whole, while only
the coupling at the interface B is considered in ab initio energy
band calculations scheme. The metal—semiconductor coupling
at the interface D is not considered in ab initio energy band
calculations scheme that requires a periodical condition because
the metallized part and the channel semiconductor part are
treated separately. Therefore, ab initio quantum transport
simulations are expected to give more dependable SBH at the
interface D, while ab initio energy band calculations are less
reliable due to the ignorance of the metal—semiconductor
coupling at the interface D.>*7* In other word, for a 2D
transistor with a strong adhesion between metal electrode and
underlying 2D semiconductors, which implies that the Schottky
barrier appear at the interface D, ab initio quantum transport
simulations are more reliable than ab initio energy band
calculations in predicting the SBH.

The reliability of ab initio quantum transport simulation
against ab initio energy band calculations in predicting the SBH
of a 2D transistor with a strong adhesion between metal
electrode and underlying 2D semiconductors has been verified
in ML phosphorene transistor with Ni electrode, in which the
hole SBH of ML phosphorene FET in the transport simulation
(0.26 V) is much larger than that in the energy band analysis
(0.02 eV) with Ni electrode.*® The experimental transport hole
SBH of ML phosphorene is 0.35 + 0.02 eV with Ni electrode,”’
preferring the ab initio quantum transport simulation result.
Another evidence is in 2D MoS, transistor with Sc electrode, in
which for 2D MoS,—Sc contact, a pseudo Ohmic contact
appears according to energy band analysis and an electron SBH
of 0.15 eV is calculated in quantum transport simulation. The
latter is qualitatively consistent with the experiment electron
SBH of 0.03 eV.***

Moreover, the carrier polarity of the Schottky barriers is even
different in the two methods. For example, when Cr, Au, Cu,
and Ti are used as electrodes, the carrier polarity of ML
phosphorene FET is entirely opposite in the two methods.*
For Cr, Ay, and Cu as electrodes, p-type Schottky one in the
electronic band structure calculations changes into n-type
Schottky one in the quantum transport simulations in ML
phosphorene FETs. Otherwise, for Ti as electrode, ML
phosphorene FET changes from n-type Schottky contact with
a larger hole SBH of 0.51 eV in the energy band analysis to p-
type Schottky contact with a smaller hole SBH of 0.30 €V in the
quantum transport simulations. The reported experiments
support the quantum transport simulation results and show that
p-type Schottky phosphorene FET is formed with Ti electrode,
and few layers phosphorene has a hole SBH of 0.21 eV with Ti
electrode.™

A comparison of the SBHs of ML MoSe, on those metal
electrodes between ab initio energy band calculations and ab
initio quantum transport simulations is depicted in Figure 7.
The polarity and size of the SBHs of the Schottky contacts for
ML MoSe, with Ag, Al, Ti, and Pt electrodes obtained in the
two methods resemble one another. The consistency between
the two methods for ML MoSe, with Ag, Al, and Pt electrodes
are not unexpected because the Schottky barrier appears at
interface B, and in this case both methods have taken into
consideration the interaction between metal and semiconduc-

0.23 0.20

0.78

1.21 ’ . @"(cV)
- Band calculations 1.53
I_- Transport simulations n-type

Figure 7. Comparison of the SBH (®* for electron and ®" for hole) of
ML MoSe, on Ag, Al, Ti, Cr, Sc, Au, Ni, and Pt electrodes,
respectively, obtained by the ab initio electronic band calculations and
ab initio quantum transport calculations. The SBHs of Sc and Au are
from ref 31

p-type

tor. The similar polarity and size of the SBHs for ML MoSe,
with Ti electrode in the two methods is somewhat unexpected
and indicates a weak coupling between Ti electrode and the
channel ML MoSe, without significant Fermi level pinning.
The similar polarity and size of the SBHs for ML MoSe, with
Sc electrode (strong adhesion) are also calculated in the two
methods in the previous work’' and indicates a weak coupling
between Sc electrode and the channel ML MoSe, without
significant Fermi level pinning. For the sake of comparison, we
provide the SBHs of Sc and Au electrodes calculated in the
previous work® in Figure 7, and from this figure, the Sc
electrode has the smallest SBH (0.20—0.23 eV) in all checked
electrodes.*®

In view of tunneling barriers and Schottky barriers, four kinds
of ML MoSe,—metal contact are identified, as shown in Figure
8b—e. ML MoSe, forms the type I (II) contact with Ti and Cr
(Ni) electrode, in which electrons (hole) directly inject from A
region to C region without barriers at the interface B and

Top Gate | "%
)

(¢) Pt-MoSe,
ABCDE A BCDE ABCDE|ABC DE

<|m
m
S

; h
! H
E E | E
i H
i H

Type I Type 11 Type III Type IV

Figure 8. (a) Schematic diagram of a ML MoSe, FET. Schematic
cross-sectional view of a typical metal contact to intrinsic ML MoSe,
channel. A, C, and E denotes three regions, while B and D are the two
interfaces separating them. Red rows show the pathway (A — B - C
— D — E) of electron or hole injection from contact metal (A) to the
ML MoSe, channel (E). (b—e) Four possible band diagrams of the
ML MoSe, FETs in view of Schottky barriers and tunneling barrier,
depending on the type of metal. Examples are provided at the bottom
of each diagram. Ep,, and E(;, denote the Fermi level of the interfacial
systems and channel ML MoSe,, respectively.
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encounter a n-type (p-type) Schottky barrier at the lateral
interface D. ML MoSe, forms the type III (type IV) contact
with Al and Ag (Pd), in which electrons (holes) only face a n-
type (p-type) Schottky barrier at the vertical interface B.

B CONCLUSIONS

This work presented a theoretical study of the physical nature
of ML MoSe,—Al, —Ag, —Pd, —Cr, —Ti, and —Ni interfaces for
the first time. Two categories are untangled according to the
adsorption level: weak or medium adsorption is found in ML
MoSe, and Al, Ag, and Pd contacts; strong adsorption is found
in ML MoSe, and Ti, Ni, and Cr contacts. We calculate the
SBHs by applying both ab initio energy band calculations and
more dependable ab initio quantum transport simulations. For
weak adsorption, the two methods give similar type and size of
SBH, because SBH is formed in the vertical direction, and both
the two methods take into consideration the interaction
between metal and ML MoSe, at the interface B. For strong
adsorption with Ti electrode, SBH is formed in the lateral
directions, and the two methods luckily give similar type and
size SBH and suggest absence of Fermi level pining between Ti
electrode and the channel ML MoSe,.
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