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Abstract

characteristics.

Two-dimensional semiconductors are considered as channel materials for field-effect transistors to overcome short-
channel effects and reduce the device size. As the contacts to the metallic electrodes are decisive for the device
performance, we study the electronic properties of contacts between Janus MoSSe and various two-dimensional
metals. We demonstrate that weak interactions at these van der Waals contacts suppress Fermi level pinning and
show that ohmic contacts can be formed for both terminations of Janus MoSSe, generating favorable transport

Introduction

Over the past decades, the performance of silicon as a
channel material for field-effect transistors has reached a
limit. Due to short channel effects at scales below 3 nm
and further bottlenecks, alternative channel materials
need to be explored' ™. Due to their high stability®” and
suitable band gaps, two-dimensional (2D) transition-
metal dichalcogenides are of particular interest”'®. The
family of 2D transition-metal dichalcogenides also com-
prises Janus materials'', such as MoSSe, which are special
because their structural asymmetry introduces an electric
dipole’>"?, This dipole may affect the contacts between
the channel material and metallic electrodes, which are
critical for the device performance*'®.

To achieve an ohmic contact, the barrier height of a
Schottky semiconductor-metal contact is commonly
regulated to zero by selecting a metal with an appropriate
work function'®. Regrettably, Fermi level pinning hinders
this regulation and thus compromises electron trans-
port'”. Bulk metals often generate metal-induced gap
states'® and strong contact interactions due to dangling
bonds'’, which both enhance Fermi level pinning®’. To
address these issues, the thickness of the metal can be
reduced to the nanoscale®*?, and buffer layers can be
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added®>**, Alternatively, the semiconductor can be placed
in contact with a 2D metal**>° to form weakly interacting
van der Waals contacts and simultaneously reduce the
device size®' >, However, it is not known how the electric
dipole of a Janus semiconductor employed as a channel
material influences the properties of van der Waals con-
tacts. For this reason, we study the electronic properties of
contacts formed between Janus MoSSe and 2D metals. In
particular, we demonstrate suppression of the Fermi level
pinning and formation of ideal ohmic contacts.

Computational methods

All calculations are performed using the projector-
augmented wave method of the Vienna ab initio simula-
tion package®* with a 500 eV plane wave energy cutoff. A
dipole correction is added for each of the studied systems.
The optB88-vdW functional is adopted to accurately
model the van der Waals interaction®?, as it reliably
describes 2D layered systems®”. The band structure and
work function are evaluated using the hybrid Heyd-
Scuseria-Ernzerhof functional®®. We set the convergence
criteria to 107> eV for the total energy and to 0.01 eV/A
for the maximal residual force. Vacuum layers of 20 A
thickness are added to the structure models to ensure that
artificial interaction does not occur in the out-of-plane
direction due to the periodic boundary conditions. A
Monkhorst-Pack k-grid with a separation of 0.015 to
0.020 A~! between the grid points is employed. Electronic
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transport calculations are performed using the none-
quilibrium Green’s function method of the Quantum
ATK package® with norm-conserving pseudopotentials
(300 Ry energy cutoff). A Monkhorst-Pack 1 x 5 x 100
k-grid is employed for the semi-infinite electrode calcu-
lations, and a Monkhorst-Pack 1 x 5 x 1 k-grid is
employed for the transport calculations.

We study graphene and silicene as classical group-IV
2D metals and M3C, (M = Zn, Cd, Hg) as a new class of
promising 2D Dirac metals®’. Based on the structure of
MoSSe, we further select metallic 1T- and 2H-phase

(@) Graphene Silicene
1T-XA, 2H-XA,
M.C, OC OSi
O A (S, Se, Te)
O X (Nb, Ta)
© M (Zn, Cd, Hg)
O Mo
O Se
Fig. 1 Structure. Top and side views of (a) the unit cells for the
considered metals and (b) the SeMoS/metal contact.
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transition-metal dichalcogenides XA, with X = Nb, Ta
and A =S, Se, Te. The unit cells of all the 2D metals are
presented in Fig. 1. Contacts between the S- and Se-sides
of MoSSe with the 2D metals are considered, which are
referred to as SeMoS/metal and SMoSe/metal contacts,
respectively. The in-plane lattice constants of the contact
structure models are set to the average of the compo-
nent’s lattice constants, and the lattice mismatch is
minimized by the following supercells (remaining lattice
mismatch given in brackets): V7 x V7 x 1 graphene (0.4%),
V3 x V3 x 1 silicene (3.3%), and 1 x 1 x 1 Zn3C, (0.1%) on
2 x 2 x 1 MoSSe; V3 x V3 x 1 Cd;C, (4.6%) and V3 x V3 x
1 HgzC, (5.6%) on 4 x 4 x 1 MoSSe; 1 x 1 x 1 NbS, (2H:
3.0%), NbSe, (2H: 6.8%), TaS, (1T: 3.9%; 2H: 2.8%), and
TaSe, (2H: 6.6%) on 1 x 1 x 1 MoSSe; V7 x V7 x 1 TaTe,
(1T: 0.3%; 2H: 0.6%) on 3 x 3 x 1 MoSSe.

Results and discussion

Due to the asymmetry of Janus MoSSe, the properties of
both the S- and Se-sides are examined. The binding
energy of a contact is calculated as E, = (Econtact ~ Emosse
= Emnetal)/A, where Eopiactr Emosses and Epear are the total
energies of the contact, isolated MoSSe, and isolated
metal, respectively. Moreover, A is the contact area, which
is used for normalization. For each contact, the obtained
values of E;, and the interlayer spacing d are shown in
Table 1. For contacts with both the S- and Se-sides, E, is
highest for XA, (except for TaTe,), intermediate for
group-IV 2D metals, and lowest for M;C,. For group-IV
2D metals and M3C,, the S-side provides a higher Ej, than

Absolute binding energy (|E,|), contact spacing (d), charge transfer across the contact (Ag), and n/p-type

Schottky barrier height (®,,/®,) of SeMoS/metal and SMoSe/metal contacts.

Metal SeMoS/metal SMoSe/metal

[Eol W/m®  d(R) Aq(x10°e/A®) D, (eV) O, (eV) |E|U/m?) dA) Agq(x10%e/A?) @, (V) O, (eV)
Graphene 035 333 04 0.19 035 349 0.1 0.80
Silicene 037 312 45 0.10 036 331 29 055
7nsC, 0.26 306 33 025 314 16
CdsC, 027 316 33 0.25 334 2.1
HgsC, 0.25 330 16 0.24 346 09
2H-NbS, 044 294 15 051 046 303 -38 008
2H-NbSe, 044 3.00 —02 044 044 3.09 —-12 031
1T-TaS, 043 291 07 0.09 042 307 —-18 066
2H-Tas, 040 296 -10 037 041 305 —311
2H-TaSe, 043 303 0.1 030 043 3.09 —09 045
1T-TaTe, 035 340 2.1 026 034 354 12 0.89
2H-TaTe, 035 340 17 062 036 351 09 0.94
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Fig. 2 Electronic states. Weighted band structures of the (@) SeMoS/metal and (b) SMoSe/metal contacts. The orange and purple colors denote the
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the Se-side, which is consistent with previous results for
the contact between MoSSe and germanene®. 1T-XA,
exhibits the same trend, while 2H-XA, exhibits the
opposite trend. As the value of d always falls within 2.9 to
3.6 A, no chemical bonds are formed at the contact. As
expected, d is smaller for the SeMoS/metal contacts than
for the SMoSe/metal contacts. To enable quantitative
comparison, we calculate the charge transfers Ag (Bader
scheme) across the contact normalized by A, as shown in
Table 1. Positive (negative) values represent forward
(backward) charge transfer from the metal to MoSSe
(from MoSSe to the metal). While all the values remain
close to zero, the forward (backward) charge transfers at
the SMoSe/metal contacts are systematically damped
(enhanced) compared to the SeMoS/metal contacts.

The weighted band structures in Fig. 2a demonstrate
that the SeMoS/Zns;C, contact is ohmic and thus
superior to the n-type SeMoS/silicene (@, = 0.10eV)
and SeMoS/1T-TaS, (®,, = 0.09 eV) contacts, where ®©
is the Schottky barrier height (SBH). While the SeMoS/
Cd3C, and SeMoS/HgsC, contacts develop finite band
gaps (due to the sizable lattice mismatch and induced in-
plane strain in these cases), the Dirac cone of the
SeMoS/Zn;C, contact at the Fermi level enables efficient
charge transport. According to Table 1, the SeMoS/
metal contacts tend to be n-type with sufficiently small
SBHs. The SMoSe/Zn3;C, and SMoSe/2H-Ta$S, contacts
are ohmic, as shown in Fig. 2b, and according to Table 1,
for the other SMoSe/metal contacts, the n-type SBHs
tend to be larger than the p-type SBHs. Regardless of the
termination, n-type contacts are formed with the group-
IV 2D metals, and ohmic contacts are formed with

Zn3C,. In contrast, contacts with XA, behave differently
for the two terminations, as the S-side tends to form
n-type contacts and the Se-side tends to form p-type
contacts.

The work functions of the considered 2D metals
(Wetar) fall within 4.31 to 6.01 eV, and their Fermi levels
(EE) are located within the band gap of MoSSe (see the red
horizontal lines in Fig. 3a). While the group-IV 2D metals
and M3C, have low work functions, 2H-TaS,, 2H-NbS,,
and 2H-NbSe, are characterized by high work functions.
Compared to the 2D metals, E¢ changes little or shifts to
higher energy (with respect to the vacuum level) for the
SeMoS/metal contacts, while it shifts to lower energy for
the SMoSe/metal contacts. This explains why the S-side
(Se-side) tends to form n-type (p-type) contacts. For
growing Wi, the character of the contact evolves from
n-type to p-type. In Fig. 3a, the highest occupied and
lowest unoccupied states of MoSSe in the contact are
marked above and below Er (except for the Cd3;C,/metal
and HgsC,/metal contacts with finite band gaps). For the
ohmic contacts, only Ef is shown. Note that Wiy, refers
to the strained metals. For 2H-NbSe, and 2H-TaSe,
(which exhibit a large lattice mismatch), the strain alters
Winetat by only 0.24 and 0.23 eV, respectively, which
demonstrates the robustness of our conclusions in com-
bination with the knowledge that the band gap of MoSSe
is altered by only 0.40 eV under 3% strain®’.

The SBH is very sensitive to Wi,era according to the
Schottky-Mott rule'®, which, however, is of limited
validity in the case of Fermi level pinning. The pinning
factor §=|d®/dWera| measures the shift of the Fermi
level of a semiconductor/metal contact when different
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Fig. 3 Work functions and SBHs. (a) Work functions before and after Group 3

contact formation. E. denotes the conduction band edge, and £,

denotes the valence band edge of MoSSe. SBH versus work function

for the (b) SeMoS/metal and (c) SMoSe/metal contacts. Zn,C,

6 T T
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metals are used. For S =0, the Fermi level is fully pinned, W, (A)
while for S =1, the Schottky—Mott limit is achieved. As ) . . . .

h in Fie. 3b izabl 1 £S—0.86and S —0.81 Fig. 4 Electrostatic potential and tunnel barrier height. (a)
shown 1n‘ 1g. ob, ¢, sizable Va‘ues oto= 0 an - Electrostatic potential (including the exchange potential) versus z-
are obtained for contacts with the S-side and Se-side, position for the SeMoS/graphene contact. (b) Tunnel barrier height
respectively, implying that 2D metals are superior to bulk versus tunnel barrier width. Numerical values are provided in Table 2.

metals for contacting Janus MoSSe (even though both
realize weak binding), especially for the S-side
(S=0.28)*3. Due to the excellent values of S, it is expec-
ted that the Fermi level pinning will be weak.

While contacts with weak binding have the advantage of
reducing the Fermi level pinning, the tunnel barrier can be
an issue™. Figure 4a displays the electrostatic potential of the
SeMoS/graphene contact with the tunnel barrier height ®1g
= Dy, — Dposse being the difference between the potential
maxima of the contact (Dg,p,) and the termination layer of
MoSSe (Dprosse)- The tunnel barrier width Wop refers to
Dposse- On the other hand, Orp = Oy, — Dppegar, and W
refers to the potential minimum of the metal (®,era)) When
D etal > Ppiosse: Low Opp and low Wrg, which correspond
to the bottom left corner of Fig. 4b, imply enhanced tun-
neling. Figure 4b indicates that there are four groups of
contacts. The contacts with XA, constitute Groups 1 and 3,
where Group 3 consists of all the contacts involving TaTe,
and combines low binding energy with rather low ®rp. The
contacts with group-IV 2D metals constitute Group 2,
which is the least competitive. The two ohmic contacts with

\ J

Zn3C,, which constitute Group 4, achieve the lowest ®rg
but suffer from the highest Wiy, while the ohmic contact
SMoSe/2H-TaS, combines low ®rg=894eV with the
lowest Wy =191 A of all contacts under investigation.
Considering the inherent dipole moment of Janus
materials, we next quantify the induced dipole moment of
the contact. Figure 5 shows schematic diagrams of the
relationship between the total dipole moment of the
contact (Dy,) and the interfacial dipole moment (Dyy).
Two (three) classes of patterns are found for the contacts
with the S-side (Se-side). The obtained values of D, and
Dy, are shown in Table 2, in which the positive (negative)
sign corresponds to the direction from the 2D metal
(Janus MoSSe) to Janus MoSSe (the 2D metal). D, is
always negative for contacts with the S-side (classes I and
II), i.e., it inherits the direction of the dipole moment of
Janus MoSSe (Dpjosse)- Although charge transfer occurs
across the contact (Table 1), the amount is not sufficient
to change the direction of D, The SeMoS/M3C,
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contacts show the least negative values. The interfacial
dipole moment Dj,; = (Dot - Dnosse)/N, where N denotes
the number of unit cells of MoSSe in the supercell, may be
negative (class I; Dy is more negative) or positive (class II;
D,y is less negative). Given that Dy, inherits the direction
of Dyosses We expect Dy, to be positive for the SMoSe/
metal contacts, which is true in most cases (classes III and
IV). The only exceptions are the SMoSe/2H-TaS, and
SMoSe/2H-NbS, contacts (class V), in which a con-
siderable charge transfer from Janus MoSSe to the 2D
metal leads to a negative Dy, and to a significantly
negative D;,, resulting in a favorable ohmic behavior of

(a) Class | Class Il
MoSSe MoSSe
D(ol Dlmi *Dtm D\nQT
(b) Class Il Class IV Class V
MoSSe ‘ MoSSe ‘ MoSSe ‘
Dtot Dm(f TDmt Dm(¢ lDtot Dum

Fig. 5 Dipole moment. Schematic diagrams of the (a) SeMoS/metal
and (b) SMoSe/metal contacts.

\
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the SMoSe/2H-Ta$, contact and a tiny @, =0.08 eV of
the SMoSe/2H-NbS, contact.
The transmission coefficient

T = (1 + Si“hz(\/mwm/h)> 71’

4E[®rg(1-E/Prp)

where E is the energy and m is the mass of the electron, is
shown in Fig. 6a—d for representative contacts from the
groups in Fig. 4b. In each case, T ~ 1 already at E/®1p S 2.
Consistent with the previous discussion, T tends to be
slightly higher for Se than for S termination at low energy.
A comparison of the low energy range is given in Fig. 6e for
the contacts with the Se-side, showing that 2H-TaS, and
2H-TaSe;, (contacts located in the left bottom corner of Fig.
4b) result in slightly higher T. Adopting the device model
of Fig. 6f, electronic transport calculations are performed
for the ohmic SMoSe/2H-TaS, contact using channel
lengths of 20.96, 26.67, and 32.67 A. The obtained I-V
curves in Fig. 6g demonstrate an ohmic behavior, parti-
cularly for a channel length of 20.96 A. We use the transfer
length method to extract the specific contact resistance. As
the total resistance is 2R; + R, as shown in Fig. 6f, the
crossing point between the total resistance axis and the
linear fit of the obtained total resistances in Fig. 6h is 2R;.
After R, is multiplied with the width w = 13.18 A, a specific
contact resistance of 97.5 Qum is obtained.

Conclusions
Our first-principles study on the interaction between
Janus MoSSe and various 2D metals shows that both the

Table 2 Tunnel barrier height (®g) and width (Wyg), total (D) and interfacial (D;,,) dipole moments, and classes of

SeMoS/metal and SMoSe/metal contacts.

Metal SeMoS/metal SMoSe/metal
Org (eV) Wyg (A) Dot (Debye) Dy (Debye) Class  ®rg (V)  Wig (A)  Diot (Debye) Dy (Debye)  Class

Graphene 10.28 2.26 —033 —0.09 | 898 2.23 0.35 0.1 Il
Silicene 9.72 220 —-0.19 0.04 I 8.68 221 031 0.08 Il
Zn3Cy 7.60 245 —0.18 0.05 Il 746 247 0.24 0.00 Il
CdsG, 7.25 2.50 —0.13 0.10 Il 7.21 2.60 0.30 0.07 Il
HgsG 9.05 2.68 -0.19 0.04 I 8.99 2.85 0.26 0.04 Il
2H-NbS, 10.12 193 —0.51 —0.28 | 899 1.89 —0.09 —0.32 V
2H-NbSe, 9.38 201 —045 —0.22 | 872 1.94 0.09 —0.15 vV
1T-TaS, 10.02 197 —035 —-0.12 | 883 201 0.18 —0.04 [\
2H-TaS; 9.98 1.96 —044 —0.21 | 894 191 —0.03 —0.26 \%
2H-TaSe, 8.81 1.98 —040 —0.18 | 8.68 193 013 —0.09 vV
1T-TaTe, 7.99 214 —0.21 0.01 Il 7.92 213 034 0.12 Ml
2H-TaTe, 7.90 2.1 —032 —0.09 | 7.86 2.09 028 0.05 Il
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Fig. 6 Transmission and Transport. Transmission coefficients of the contacts of MoSSe with (a) graphene, (b) ZnsC;, (€) 2H-TaS; and (d) 2H-TaTe,.
(e) Comparison of the results in (a-d) for £/Op < 1. (f) SMoSe/2H-TaS, device model (electrodes saturated by H atoms) used for the electronic
transport calculations. (g) -V curve for different channel lengths. (h) Linear fit of the obtained total resistances.
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S- and Se-sides of Janus MoSSe can form ohmic contacts,
as desired for electronic devices. Promising Fermi level
pinning factors of 0.86 (S-side) and 0.81 (Se-side) are
obtained, which reduces the Fermi level pinning. Among
the studied 2D metals, ZnzC, gives rise to the best con-
tacts for both terminations of Janus MoSSe, as they are
ohmic and the tunnel barriers are low (7.60 and 7.46 eV,
respectively). Through its interfacial dipole moment, the
SMoSe/2H-TaS, contact is also ohmic. Our work pro-
vides theoretical support for the application of Janus
MoSSe as a channel material in nanoelectronics by
identifying suitable 2D electrode materials. These 2D
electrodes will not only improve the performance but also
reduce the thickness of the device.
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