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NbS;: A Promising p-Type Ohmic Contact for Two-Dimensional Materials
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Achieving Ohmic contact for two-dimensional- (2D) based electronics is important yet challenging.
Here through first-principles calculations, we predict that a NbS, monolayer is an excellent electrode for
p-type Ohmic contacts for 2D materials. Dipole analysis indicates van der Waals interfacial interaction
and high electrode work function are critical for asymmetric dipole compensation to maintain the Ohmic
contact for NbS, /BP and NbS,/WSe,. p-type Ohmic contacts for both heterostructures are independent
of gating up to very large electric field (7 V/nm) suggesting good stability for device applications. Our
work provides a practical strategy to realize stable p-type Ohmic contacts for future 2D nanoelectronics.
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I. INTRODUCTION

Ohmic contact is essential for electronic devices. Yet,
due to intrinsic and extrinsic limitations, such as mismatch
of work functions, surface defects, interfacial states etc.,
achieving good Ohmic contact in electrode-semiconductor
interfaces represents a challenging task [1,2]. For tradi-
tional Si-based FETSs, it has been well established that tun-
neling through degenerate doping or formation of metallic
metal silicide are critical to realize Ohmic metal-Si con-
tact, which also ensures a small contact resistance that is
independent of gate voltage [3,4]. Unfortunately, the inter-
faces between metal and two-dimensional semiconductors
(2DSs) are mostly Schottky in nature due to intrinsic
smaller electron affinity and larger ionization potential of
2DSs than that of three-dimensional (3D) channel mate-
rials [5]. This is further exacerbated by the lack of con-
trollable and sustainable doping strategies in 2DSs, thus
making Ohmic contact in metal-2DS systems extremely
difficult [6].

Currently, achieving quasi-Ohmic contact in metal-2DS
systems relies on a large global gate voltage to elimi-
nate the Schottky barrier height (SBH) [2,7]. However,
for the most widely used back-gate (and even some top-
gate) FET setups, gating essentially plays a “dual” role
[2,4]. On one hand, it electrically injects or depletes chan-
nel carriers to perform an on/off switch. On the other
hand, since back-gate covers entire channel area including
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regions below source and drain electrodes, thus during on
and off switch, gating also inevitably affects SBH for both
source-channel and drain-channel interfaces (side effects).
Unlike Si-based FETs with little dependence of SBH on
gating, 2DS-based FETs are more sensitive to gating [4].
It has been recently demonstrated that this “dual” function
of gating often occurs simultaneously, without proper and
careful data extraction, it can result in misleading inter-
pretation of device performance [8,9]. Furthermore, large
gating voltage can even lead to Ohmic- to Schottky-type
conversion in metal-2DS systems [10,11]. Therefore, from
a device-functioning perspective, in analogy to Si-based
FETs, it is necessary to develop 2DS-based FETs that are
naturally Ohmic with less dependence on gating.

Meanwhile, alternative strategies have also been devel-
oped to reduce SBH in metal-2DS systems, i.e., choosing
metals with a suitable work function [12], surface chem-
ical doping [13], inserting a 2D buffer layer [14,15], and
introducing metallic 2D materials [16]. Recently, van der
Waals (vdW) metal-semiconductor junctions have been
demonstrated to significantly reduce the Fermi-level pin-
ning and approach the Schottky-Mott limit for MoS,
[17,18], yet these 2D contacts are not strictly Ohmic,
small SBHs (20—67 meV) still exist due to the mismatch
of the metal’s work function. Therefore, to date, only
very limited examples of Ohmic metal-2DS contacts have
been experimentally realized, such as Au/Pd/MoS, [19],
permalloy/MoS; [20], 2-BN encapsulated Pd/WSe, [21]
(Table SI in Supplemental Material [15,17-20,22—34]).
Moreover, current 2DS FETs are mostly n type, identi-
fying stable p-type metal-2DS systems is necessary for
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constructing all 2DS-based complementary logic circuit
inverters for device application.

In this work, through density-functional-theory (DFT)
calculation we demonstrate monolayer NbS, to be a
promising 2D electrode for 2DSs to achieve intrinsic and
stable Ohmic contacts with p-type nature. Band-structure
investigation indicates that an ultra-high work function
of NbS; results in the Fermi level crossing the valence
bands of adjacent 2DSs (BP and WSe,), thus stabiliz-
ing a robust p-type and Ohmic contact for NbS,/BP and
NbS,/WSe, heterostructures. Comparative dipole analy-
sis indicates sufficiently large work function is critical for
the compensation of asymmetric interfacial dipole-induced
work-function reduction to thus maintain the Ohmic con-
tact. More importantly, the p-type Ohmic contacts in both
metal-2DS junctions are independent of gating up to very
large electric field (7 V/nm), suggesting good electric
stability for device applications. Our results provide illu-
minative insight to identify effective strategy to achieve
intrinsic and electrical stable p-type Ohmic contact for all
2DS-based nanoelectronics.

II. COMPUTATIONAL METHOD

The present calculations are based on DFT as imple-
mented in the Vienna ab initio simulation package (VASP)
[35], using the projector augmented-wave (PAW) method
[36]. Both the Perdew-Burke-Ernzerhof (PBE) version
of the generalized gradient approximation (GGA) [37—
39] and hybrid exchange-correlation functional (HSE06)
[40—42] are used for exchange correlation. VAW inter-
actions are taken into account through the optB86b-vdW
functional to minimize errors when calculating structural
parameters and binding energies [43]. The combination
of PBE and optB86b-vdW functional is shown to repro-
duce the experimental geometries well and the theoretical
equilibrium volumes of the studied bulk materials are no
more than 1.5% larger than the experiment, as listed in
Table I. A vacuum space larger than 20 A is introduced
to 2D slab models to ensure decoupling between periodi-
cally repeated systems. The energy cutoff is set to 500 eV
for the plane-wave expansion of the projector-augmented
waves in the self-consistent calculations. Each system is
fully relaxed with residual forces smaller than 0.01 eV/A
and the total-energy change is less than 107> eV during

TABLE 1.
(VBM) and conduction-band minimum (CBM) of WSe, and BP.

the structural optimization. A dipole correction is applied
to avoid spurious interactions between periodic images of
the slab [46].

III. RESULTS AND DISCUSSION

NbS, shows the highest intrinsic work function (approx-
imately 6.2 eV) among the available metallic 2D materials
and 3D metals (Table SII in Supplemental Material [22,
47-57]). It is also much higher than the value for common
electrode graphene (4.6 eV) [58]. The large work function
of H-NbS; is determined by crystal symmetry and orbital
filling. Generally, the electronic structures of transition
metal dichalcogenides (TMDs) are under the combined
influence of crystal structures and the filling of d shells.
The typical “H” and “T” phases corresponds to the trigonal
prismatic and octahedral coordination. Such different crys-
tal fields result in different splitting of metal d levels. For
H phase, d-electron levels split into a low-energy singlet
ai, a medium-energy doublet e, and a high-energy dou-
blet ¢’. While for T phase, the d orbitals split into a triplet
trg, and a doublet e, [59], as shown in Fig. 1. Then, d-
shell filling determines the electronic properties and work
functions of TMDs. For example, a Nb atom has one extra
electron when forming NbS, with S atoms, this electron
fills the lowest d subband in both the H and T phases,
which leads to an incomplete filling. Therefore, both H-
and T-NbS, exhibit metallic behavior. As for MoS, and
WSe,, in which the transition metal atom has two extra
electrons, the fully filled a; subband in the H phase makes
it semiconducting, while the incomplete filling of 75, in the
T phase makes it metallic (see Fig. S1 in Supplemental
Material [22]). The rule can be extended to other TMDs
with a different valence electron in those two phases. The
main reason why H-phase NbS, has a large work function
is that it possesses trigonal prismatic symmetry. Since the
first two subbands (a; and e) in the H phase have a sizable
energy gap up to approximately 1 eV) [60], the metallic
TMDs with H phase tend to possess much larger work
function than T phase, such tendency is well presented
in Liu’s work [58]. In the following discussion, we use
H-NDbS, for heterostructure calculation and take NbS, to
denote H-NbS,, since experimentally synthesis of T-phase
NbS; is quite rare [61].

Experimental [44,45] and calculated lattice parameters, work functions (WF) of NbS,, and valence-band maximum

Expt. bulk (A) Calc bulk (A) WF (eV) VBM (eV) CBM (eV)
a(b) c a (b) c WF VBM CBM
NbS, 3.33 17.90 3.32 18.15 6.20 ..
WSe, 3.29 12.99 3.30 13.10 5.18 3.55
BP 3.31 (4.38) 10.50 3.33 (4.35) 10.52 .. 4.95 4.42
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FIG. 1. Electronic properties and work-function comparison
between two typical metallic TMDs H-NbS,; (left) and T-NbS,
(right) with transition metal d orbitals splitting in the trigonal
prismatic structure and the octahedral structure between bonding
(o) and antibonding (o *) states. Vacuum level is indicated by
dashed blue line.

We then consider ideal 2D metal-semiconductor inter-
faces taking the NbS, monolayer as a metallic electrode
and the BP or WSe, monolayer as the channel mate-
rial [Figs. 2(a) and 2(b)]. To deal with lattice mismatch,
a widely used strategy of accommodating the lattice of
metallic layers to match the lattice parameters of semicon-
ducting layers is adopted [62]. For NbS,/WSe; interfaces,
the lattice mismatch can be controlled below 1% in their
1 x 1 primitive cells due to their close lattice constants. For
the NbS,/BP system, a supercell model (1 x 4 supercell
of BP monolayer and 1 x 3+/3 supercell of NbS, mono-
layer) is used, as shown in Fig. 2(a). Both 2H and 3R
stacking orders are considered for NbS,/WSe, interfaces
according to their bulk counterparts, while in the discus-
sion we mainly focus on the 3R geometry (results of 2H
stacking can be found in Supplemental Material [22]). The
equilibrium interface distance d is defined as the average
out-of-plane distance between the S atoms at the bottom
of NbS, and atoms at the top of WSe, and BP. SBH is
defined by the energy difference between the Fermi level
of the composite system and conduction-band minimum
(CBM) or valence-band maximum (VBM) of the respec-
tive semiconductor [63], and can be extracted from band
alignments, as illustrated in Fig. 2(c). If the Fermi level
within the bandgap is closer to the CBM, an n-type Schot-
tky barrier (electron barrier, ®,) is formed. Otherwise, a
p-type Schottky barrier (hole barrier, ®,) is formed. Fur-
thermore, if the Fermi level falls into conduction band
(P, <0) or valence band (®, <0), an Ohmic contact is
formed [7].
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FIG. 2. Top (upper panel) and side (lower panel) views of (a)

NbS,/BP and (b) NbS,/WSe, interface systems. For (b), the left
panel is 2H stacking and the right panel is 3R stacking. The inter-
layer distance is indicated by d. (c) Illustration of contact type
and favorable carrier type.

To study the electronic structure of those interfaces, we
calculate their projected band structures. As shown in Fig.
3(a), NbS,/BP heterostructure exhibits &, ~—0.19 eV,
indicating an Ohmic contact. In addition, compared with
isolated BP monolayer [Fig. S2(a), Supplemental Material
[22]], we find only the bottom part of the conduction band
of BP in the NbS, /BP heterostructure shows modification
when coupled with 2D electrode NbS,, and the rest of the
band structure remains unchanged. This is quite different
from previously studied 3D metal-BP systems in which BP
are strongly hybridized with metals, indicating the forma-
tion of covalent bonds [64]. vdW interaction in here plays
an important role in reducing the interface states formed at
metal-2DS junction.

Similar to the NbS,/BP interface, the electronic struc-
ture of NbS,/WSe; is mostly preserved upon the interface
formation. From the projected band structure, we obtain
a ®, of —0.11 eV and a ®, of 1.73 eV for NbS,/WSe,
system, also suggesting a p-type Ohmic contact formation,
consistent with previous work [58]. From carrier-injection
point of view, this large SBH difference between n-type
and p-type carriers in the NbS, /W Se; interface is expected
to suppress the ambipolar behavior in WSe;-based FETs,
which is a prerequisite for complementary logic devices. In
addition, we also consider the spin-orbit coupling (SOC)
and its impact on the SBH of NbS,/WSe; since the mono-
layer of WSe, is shown to exhibit strong SOC due to its
heavier element and quantum-confinement-induced inver-
sion symmetry being broken. The calculated SOC cor-
rected band structure in Fig. 3(c) indicates ®, becomes
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more negative and still preserves the p-type Ohmic con-
tact. In addition, 2H-stacked NbS,/WSe, exhibits similar
p-type Ohmic contact, as shown in Fig. S3(a) (Supplemen-
tal Material [22]).

To highlight the critical role of metal work function,
here we select another metallic 2D electrode with smaller
work-function values, i.e., T-phase WSe, (4.5 eV). Figure
3(d) shows the T-WSe, /WSe; interface leads to the Fermi
level being well above the VBM of WSe, due to smaller
work function of T-WSe,. This is in contrast to the
NbS,/WSe, interface whose Fermi level is pinned well
below the VBM of the WSe; [Fig. 3(b)].

For Schottky barrier prediction, aligning the band edges
of the metal and the semiconductor according to vacuum
levels has been widely accepted as the Schottky-Mott rule.
Over the last decades, however, many experimental stud-
ies have demonstrated the general deviation of the ideal
vacuum alignment rule and have revealed that significant
interface dipoles are formed at metal-semiconductor inter-
faces [14,65]. The interface dipole is related to the charge
transfer at the interface, which can be directly visualized by
calculating the plane-averaged electron density difference
Ap, which is defined as

Ap = Pbilyaer —

Playerl — Player2,

(c) with consideration of SOC.
(d) Projected band structures of
T-WSe, stacks with WSe,. The
color map at the top indicates the
magnitude of the projection.

where ppilyaer and Playeri(2) correspond to the charge den-
sity of the heterostructure and the isolated semicon-
ducting (metallic) monolayer. The Ap distribution of
NbS,;/WSe,, T-WSe,/WSe, and NbS,/BP, are shown in
Figs. 4(a) and 4(b) and Fig. S4 (Supplemental Material
[22]), respectively, from which electron transfer at the
metal-semiconductor interfaces is clearly demonstrated.
Such a charge transfer is a pure electronic effect from
the charge redistribution in the interface, known as a pil-
low effect [62]. Pauli exchange in here plays an important
role in pushing electrons back into the metal sides, and
thus yields an interface dipole that decreases the sur-
face work function [66]. For NbS,/BP or NbS,/WSe;,
an asymmetric Ap pattern in the interface zone indicates
a net significant interface dipole formation, as indicated
by green arrows. The observed electron accumulation (in
NbS, side) and depletion (in BP or WSe, side) suggest
electrons are transferred from WSe; (BP) to NbS,. In con-
trast, Fig. 4(b) shows a more complex but relatively sym-
metric Ap pattern in the T-WSe; /WSe, interface zone.
The complexity pattern indicates the formation of more
local dipoles and the mirror symmetry suggests those local
dipoles are in antiparallel alignments [green arrows in Fig.
4(b)]. As a result, the total net dipole in such a pattern is
negligible.

20
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FIG. 4.

Se W Se Semiconductor Metal

(a),(b) are plane-averaged electron density difference (Ap = ppilyacr — Playerl — Player2) corresponding to NbS;/WSe; and

T-WSe,/WSe, interfaces. Red and gray color filled areas represent charge accumulation (acc.) and depletion (dep.) zones, respectively.
Dotted lines indicate average z positions of atomic planes and the interface zones are highlighted in yellow. Local dipoles are indicated
by green arrows. (c) Illustration of metal-semiconductor interface band alignment of NbS, /W Se,.
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Net interface dipole can induce an interface potential
step AV via Helmholtz relation [65], resulting in deviation
from the ideal Schottky-Mott rule at the vdW interacted
metal-semiconductor interface. When taking the interface
dipole into account, for the NbS,/WSe, interface, as
depicted in Fig. 4(c), the SBH for holes can be modified
as ®, =E, — Wy + AV, where E, is the VBM of the
semiconductor with respect to the vacuum energy, W), is
the work function of the metal, and AV is the potential
step formed at the metal-semiconductor interfaces [14].
Generally, the potential step AV can be calculated by
solving the Poisson equation with Ap(r) as the source,
however, the accuracy of this method depends strongly
on boundary conditions [65]. Alternatively, AV can also
be obtained without solving the Poisson equation by using
AV = Wy — Wadsju, Where Wogs/u is the work function of
the metal surface covered with semiconductors (Fig. S5 in
Supplemental Material [22]) [14]. Thus a positive AV can
result in a reduction of the effective work function. Con-
sidering a bandgap (E,) of the semiconductor, then SBH
for electrons is given by &, = E, — ®,,. Table II gives the
interface potential steps of studied contact systems using
this method. It is seen that the ®,(®,) extracted from
this charge-transfer analysis are in good agreement with
band-structure calculations.

From above discussion we show that vdW contact in
metal-2DS junctions leads to weak interfacial interac-
tion, which is expected to suppress the metal-induced gap
states in metal-2DS junctions and helpful for achieving
Ohmic contact [58]. On the other hand, the Pauli exchange
interaction in vdW contacted metal-2DSs tends to modify
Ap and results in a net diploe, thus leading to uninten-
tional modification of metal work function (reduction in
this case), which may hinder the formation of Ohmic
contact. These competing effects strongly influence the
SBH of metal-semiconductor contacts, and plays an impor-
tant role in the physics of 2D-semiconductor devices. In
our case, we find NbS,/BP and NbS,/WSe, interfaces
have a stronger net interface dipole, which is expected
to induce work-function reduction to NbS;. Even though
the intrinsically large work-function value of NbS; pro-
vides adequate room for the compensation of interface
dipole-induced work-function reduction, thus maintain-
ing an Ohmic nature for the contact. In addition, for
the T-WSe,/WSe, interface, the observed much more

TABLE II.

symmetric Ap pattern and negligible net dipole account
for the very small changes of work function for metal-
lic T-WSe;, in the T-WSe,/WSe, interface (Table II).
Farmanbar et al. also report a symmetric Ap pattern in
the metal-semiconductor interface gives a smaller work-
function reduction [62].

In order to evaluate the stability of the SBH of metal-
2DS contacts under external electric voltage for poten-
tial complementary logic circuit applications, we study
the dependence of the ®, and ®, for three typical sys-
tems as functions of gate voltage, e.g., NbS,/WSe; and
T-WSe, /WSe, [Figs. 5(a) and 5(b)] as well as NbS,/BP
[Fig. S4(b) in Supplemental Material [22]], respectively.

It is clearly seen that both NbS,/BP and NbS,/WSe,
show similar weak electric field dependence of SBH (®,,
and ®,) and the p-type Ohmic character is quite stable
(|®,| always smaller than |®,|) throughout the entire oper-
ation electric field (—7 to 7 V/nm). Generally, it is reported
that large gate voltage can lead to Ohmic- to Schottky-
type conversion in metal-2DS systems [10,11]. Therefore,
maintaining a robust Ohmic contact even under strong field
is very important for practical device applications. In con-
trast, the large variation of SBH values for T-WSe, /WSe,
suggests a much stronger external electric field depen-
dency than NbS,-based contacts. This strong SBH-external
electric field correlation can even drastically alter the
nature of the metal-semiconductor contacts, for example,
as the applied voltage value becomes negative, a p- to n-
type conversion occurs at —3 V/nm for T-WSe,/WSe,.
Similar types of conversion phenomena have also been
reported in graphene/BP and T-MoS,/MoS; systems
where p- to n-type conversion occurs at 1.5 and —4 V/nm,
respectively [7,57]. Thus, these results demonstrate that
the metallic monolayer NbS, is more effective than other
conventional 2D electrodes to realize a more stable Ohmic
contact that is almost independent of external voltage up to
very large values for device applications.

To more deeply understand the influence of external
field on interface charge transfer, we further calculate the
electric-field-dependent dipole redistribution, as shown in
Figs. 5(c) and 5(d). For the NbS, /WSe, interface, without
electric field, the electron-density difference curve (Ap)
for the interface zone (yellow highlight) is highly asym-
metric along the vdW gap with a large dipole moment.
This static charge distribution shows further slight “up

Calculated equilibrium interfacial distances (d), binding energies (E5) of studied interfaces, electrostatic potential step

(AV), p- (n-) type Schottky barrier height ®,(, s extract from band diagrams, and p- (n-) type Schottky barrier height @, extract

from dipole-modified the Schottky-Mott model.

Stacking configurations d(z&) E, (meV/Az) AV(eV) ®,5(eV) ®,5(eV) D, (eV) D, (eV)
NbS,/WSe; (3R) 3.02 —28.7 0.91 —0.11 1.73 —0.11 1.74
NbS,/WSe; (2H) 3.05 —28.7 0.87 —0.10 1.75 —0.15 1.78
T-WSe, /WSe, 3.14 —26.6 —0.02 0.76 0.89 0.67 0.96
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FIG. 5. Evolution of the SBH

as a function of the external
field for (a) NbS,/WSe; and (b)
T-WSe,/WSe, contact. Evolu-
tion of A p under different applied
field for (c) NbS,;/WSe, and
(d) T-WSe,/WSe,, where app-
lied electrostatic fields —5, 0,
and 5 V/nm are indicated by
red, black, and blue solid lines.
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(down) shift” for the peak portion and “down (up) shift”
for the valley portion under negative (positive) field. This
vertical response of Ap to external field is generally triv-
ial, indicating relatively weak electric-field-induced dipole
redistribution at the NbS, /WSe; interface. As a result, the
shape of Ap in the interface zone remains unchanged,
leading to negligible change for the net interface dipole
magnitude driven by applied field. In contrast, the Ap of
T-WSe, /WSe, shows a more symmetric pattern leading to
an overall smaller static net dipole moment. This symmet-
ric dipole, however, shows significant “right (left) shift”
under a negative (positive) field. This horizontal response
of Ap to external field is stronger, leading to a stronger
dipole redistribution at this interface.

The weak (strong) electric-field-induced dipole redistri-
bution for the NbS,/WSe, (T-WSe,/WSe,) interface can
be interoperated from a band-structure point of view. As
shown in Figs. 5(e) and 5(f), the Fermi level of metallic
NbS, and T-WSe, are unaffected by electric field. How-
ever, the band-edge positions for semiconductor WSe,
show different electric field response when contacting
these two types of electrodes. For the NbS,/WSe, inter-
face, both VBM and CBM of WSe, are less dependent
on field, while for the case of T-WSe,/WSe,, both VBM
and CBM show significantly change, especially along
high-symmetry K point. The change of band alignment
is expected to result in the observed electric-field-induced
dipole redistribution. This also accounts for the observed
independence of SBH on external field for NbS;-based
metal-2DS contacts in Figs. 5(a) and 5(c).

Calculation based on the HSE06 functional show similar
results, as shown in Fig. S6 (Supplemental Material [22]).

Influence of an external elec-
tric filed on Ap correspond-
ing to (e) NbS,/WSe, and (f)
T-WSe,/WSe, interfaces Dotted
lines indicate average z positions
of atomic planes and the inter-
face zones are highlighted in yel-
low. Red and gray color filled
areas represent charge accumula-
tion and depletion zones, respec-
tively.

A

D ";

Both GGA and HSE give Ohmic contact for NbS,/WSe;
and Schottky contact for T-WSe, /WSe,. Although there
are differences in the absolute value of A p [Figs. S6(b) and
S6(e) in Supplemental Material [22]], calculation based
on the HSE functional gives a similar asymmetric (sym-
metric) Ap pattern and interface dipole for NbS,/WSe;
(T-WSe,/WSe;) systems. Both methods give generally
the same trend when imposing an external electric field.
Other discrepancies between these two methods, such as
specific SBH values (®, and ®,), is due to the corrected
larger bandgap values in the HSE frame.

Generally, the strategy of applied external field (gat-
ing) is often used to either tune carrier concentration or
tune SBH. However, for low-dimensional materials, par-
ticularly for back-gated FETs with gating cover all areas
of source, drain, and channel [8], the “dual” function of
gating tends to occur simultaneously. It is expected that
the simultaneous modification of SBH and carrier con-
centration may lead to data interpretation for FETs being
more complicated. Yet, due to a lack of appropriate data-
processing approaches, the “dual” function of gating in
back-gated FETs is often ignored. Recently, Joseph et al.
point out that ignorance of this fact can lead to incor-
rect data extraction, and thus wrong interpretation of the
device’s electrical behavior [4]. Ashish ef al. also devel-
oped a model based on Landauer’s formalism to analyze
BP-based transistors. Yet the universality of such a model
need to be improved to extend to other material systems
[9]. Therefore, it will be more meaningful if this “dual”
function can be separated and independently controlled. In
this work, large work-function-induced weak electric field
dependence of SBH for NbS,-based metal-2DS systems
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allows straightforward control of the intrinsic electronic
properties (such as carrier concentration, mobility, device
efficiency, etc.) for electric gating study of these emerging
2D materials.

Even though, we have to point out that NbS, cannot
guarantee Ohmic contacts to all of those 2D materials,
especially for those 2D materials with large bandgap. It
is obvious in Vinod’s recent review work [5], materi-
als with large bandgap tend to have large ionic potential,
i.e., large VBM. From this point of view, although NbS,
has the largest work function, it cannot satisfy the Ohmic
contact condition with all 2D materials. To conform this,
we also calculate the electronic properties of NbS,/4-BN
heterostructure, and find the contact between NbS, and
large-gaped /#-BN to be Schottky type, as shown in Fig. S7
(Supplemental Material [22]). However, 4-BN is a widely
used encapsulation layer to protect channel materials from
degradation in air [67]. From this perspective, the absence
of Ohmic contact between the electrode and /#-BN is in
fact a good property for 2D devices, which means the
encapsulation layer cannot be a conduction channel for
them.

IV. CONCLUSION

In summary, we discuss the origin of the large work
function of NbS, in the frame of crystal field, and demon-
strate through first-principles calculations that trigonal
prismatic coordinated NbS, is a promising 2D electrode
to achieve Ohmic contacts for WSe, and BP-based FETs.
Ultra-large work function of NbS, provides adequate room
to compensate asymmetric interface dipole-induced work-
function reduction, thus pinning the VBM of the 2D
semiconductor above its Fermi level to maintain a robust
Ohmic nature for this p-type contact. We further show
the obtained p-type Ohmic contact is extremely stable up
to even very large electric field, which enables the com-
mon “dual function” of gating in back-gated devices to
achieve more straightforward control of the intrinsic elec-
tronic properties to be avoided. Our work demonstrates by
choosing an appropriate electrode, the common problem of
Ohmic to Schottky contact conversion and common “dual
function” of gating can be avoided, thus paving the way
for future 2D nanoelectronics.
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