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Abstract— We present results on the effect of a surrounding
dielectric and a back-gate bias on the resistance of “electrostati-
cally” doped two-dimensional (2D) materials edge-contacts and
compare it to contacts to impurity-doped 2D materials. The trans-
mission probability is computed using the Wentzel-Kramers—Bril-
louin approximation, the full-band density of states obtained from
density functional theory, and the potential is obtained from the
2D Poisson’s equation. We find that a low-x back-gate oxide with
a low-x top dielectric environment results in a lower contact re-
sistance in “electrostatically” doped edge-contacts. The image-
force barrier-lowering is reduced by the back-gate, whereas in im-
purity doped contacts, it is determined by the dielectric permittiv-
ity of the surrounding oxide and of the 2D material. Additionally,
we observed that in all cases, “electrostatically” doped devices ex-
hibit worse contact resistance than impurity doped ones, and only
very high gate bias, such as > 1V, can yield sufficiently low contact
resistance when using a high- x back gate oxide.

Keywords—metal/TMD, edge-contact, WKB, 2D Poisson, image
force, dielectric, back-gate

I. INTRODUCTION

Two-dimensional (2D) materials, particularly transition
metal dichalcogenides (TMDs), show promise for future elec-
tronic devices due to their unique electronic properties. How-
ever, challenges, such as high Schottky barrier [1, 2] and Fermi
level pinning [1, 2], result in a high contact resistance and limit
their practical application. Quantum-transport models based on
density functional theory (DFT) [3, 4] offer insights but face
computational limits and cannot account for the effect of image-
force barrier lowering (IFBL), which is always present in any
metal-semiconductor contact. Indeed, our prior work demon-
strates that the surrounding dielectrics significantly influence
the contact resistance by modulating the depletion length and
the Schottky-barrier lowering [5]. We found that low-x dielec-
trics are beneficial for reducing contact resistance, unlike high-
x dielectrics, which worsen it due to an increased depletion
width and a reduced IFBL [5].
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Various doping methods, like substitutional, charge-trans-
fer, and electrostatic doping, are explored to minimize the con-
tact resistance [6-9]. Substitutional doping can introduce de-
fects, while charge-transfer doping uses adsorbed dopants to
achieve n-type or p-type behavior. On the other hand, “electro-
static doping”, achieved through gate voltage manipulation, is
non-destructive and reversible.

In this paper we assess the contact resistance of 2D material
edge-contacts quantitatively, assuming “electrostatic” doping
(i.e. doping the channel by changing the back-gate voltage), and
emphasize the need for low-« dielectrics, and highlight the lim-
itations of doping by back-gate compared to the conventional
impurity-doping. We calculate numerically the contact re-
sistance using the full-band density of states obtained from DFT
calculations of MoS: and use the WKB approximation to calcu-
late the transmission probability through the Schottky barrier at
the metal-MoS: interface.

In the first section of the paper, “Methods”, we describe the
numerical and mathematical approach we used to calculate the
contact resistance starting from DFT calculations. Next, in the
“Results” section, we discuss the effect of the back-gate on the
contact resistance and compare “electrostatically’ doped con-
tacts with impurity doped ones. Lastly, we conclude our find-
ings in the “Conclusion” section.

II. METHOD

We consider an edge-contact geometry consisting of an un-
doped TMD monolayer (MoS>) "sandwiched" between an infi-
nitely thick top oxide (SiO2 or HfO2) and a thin bottom oxide
with a metal back-gate (see Fig. 1 (a)). Assuming an ideal
Schottky barrier, we exclude effects from interface chemistry,
Fermi-level pinning, and band offsets. For impurity-doped con-
tacts (without gate bias), we consider infinitely thick top and
bottom oxides, while for “electrostatically” doped edge-con-
tacts, we select a bottom oxide of finite thickness. Various de-
vice configurations, labeled A through F, were simulated, with
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1L MoS; (undoped)

Fig. 1 (a). Edge-contact geometry considered here. The Poisson equation is
solved over the 2D cross-section marked as a box. top>> tap (b) The different
edge-contact geometries considered in the simulation: A, B, and C denote
the back-gated edge-contacts (back-gate oxides EOT=1 nm). D has a similar
composition as A, but the back-gate oxide has a physical thickness of a HFO2
with EOT of 1 nm. In A, B, C and D the top dielectric (either SiO2 or HfO2)
is considered infinitely thick, and the back-gate oxide is either SiO2 or HfO».
E and F with infinitely thick top and bottom oxides, represent the geometries
considered in our previous work [5], where the effect of gate-metal was not
included.

configurations A, B, C, and D having back-gate (“electrostati-
cally” doped) and E, F representing geometries from our previ-
ous work [5] i.e. with an impurity doped TMD, as shown in Fig.
1 (b).

In our previous work [5], we compared contact resistances
calculated using the WKB approximation and the NEGF for-
malism, finding close agreement with a slight overestimation of
the conductance when using the WKB approximation [5]. Due
to large simulation domain requirements and the inability to
treat image-force barrier lowering using DFT-NEGF simula-
tions, we use the WKB approximation to determine the trans-
mission probability through the Schottky barrier at the metal-
TMD junction. Contact resistance is numerically calculated us-
ing Eq. 1 [10]:

p_lcz f Zz%{ f [zMn(ky,E) Ty (ky, E)

where e is electronic charge, / is Planck’s constant, f(E) is the
Fermi-Dirac distribution at energy E. The band dispersion
En(kx, k), is obtained from the DFT calculations (performed us-
ing the software package VASP [11]), and # is the band index.
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The electrostatic potential required to calculate the WKB tun-
neling probability Tu(ky, E) is obtained by solving the Poisson
equation using finite elements [12-13], over the 2D cross-sec-
tion show in Fig. 1(a), with Dirichlet boundary conditions at the
metal contact and back gate, and an anisotropic dielectric per-
mittivity for MoSz ( in-plane and out-of-plane permittivity be-
ing 15.5¢, and 6.2¢,, respectively [14]).

We calculate the band structure of monolayer MoS: using
VASP [10], employing the GGA [15] with the PAW method
[16-18] for geometry optimization and the HSE06 hybrid func-
tional [19] with spin-orbit coupling for electronic calculations.
The band structure is interpolated on a denser k-mesh using
maximally localized Wannier functions in the Wannier90 code
[20] to compute the transmission probability.

To account for the image force barrier lowering, we first cal-
culate the Coulomb kernel of a point charge in the cross-section

shown in Fig. 1(a), which is as follows:

Vimage(Q:Z =0)= —

where €,p, €, and €,,, represent the dielectric permittivity of
the 2D material (€,, = /€, €, , where €, and €, are the in-
plane and out-of-plane dielectric permittivity of monolayer
MoS:) and of the top and bottom oxides, respectively, whereas
a, twop, and ot denote one-half of the 2D material thickness and
the top and bottom oxides respectively. Finally, we calculate the
image numerically [5] by applying the two dimensional

6_ZDQ[Etopebot cosh(tpotQ) + E%o sinh(tpotQ) + €2p COSh(ZaQ){Ebot cosh(tpotQ) + €top sinh(tpotQ) }]

)

Fourier Bessel transform and the method of images [5] on Eq.
2.
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III. RESULTS AND DISCUSSION
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Fig. 2. Calculated contact resistance vs. doping concentration for MoS: edge-
contacts with a Schottky barrier height of 0.3 eV. The lowest contact resistance
is obtained with top and bottom insulators as SiO: in configurations with both
back-gate and without back-gate. i.e. A and E. The blue lines do not span the
entire density range because we limit back-gate bias to 4 V. Since a back-gate
oxide as SiO2 with EOT of 1nm is subjected to considerable gate leakage, we
also simulate a device with a similar configuration as A but with EOT of 4nm.

Figure 2 shows the relationship between contact resistance
and doping concentration, comparing bulk and edge-contact
configurations, with and without a back-gate. The lowest con-
tact resistance is found in impurity-doped edge-contacts sur-
rounded by a low-x dielectric (geometry E). Among the back-
gated devices, device A, with SiOz as the top and bottom oxides,
shows the lowest contact resistance, slightly outperforming the
bulk configuration. A doping concentration of 2 x 103 cm™ re-
sults in a contact resistance as low as 50 Q-pm in edge-contact
configuration A, while higher concentrations are needed for
other “electrostatically” doped configurations.

Figure 3 indicates that the contact resistance in configura-
tion A increases by up to 2.5 times compared to its no-gate
counterpart E. A similar trend is seen in configuration C, with
an 11-fold increase in contact resistance w.r.t. F, highlighting
the disadvantage of doping by back-gate. In geometry B, the
contact resistance increases 2.5-fold relative to F and 100-fold
relative to E. Among the “electrostatically”” doped contacts with
the same EOT, configuration A (low-x back-gate oxide) per-
forms better than B. Between B and C (both high-x back-gate
oxide but different top dielectric environment), configuration C
(HfO:2 top oxide) shows a worse contact resistance. These re-
sults highlight the importance of the dielectric environment and
back-gating for the optimization of contacts to 2D materials.

The choice of back-gate oxide influences the contact re-
sistance through the depletion width and the image-force barrier
lowering (IFBL). At a given EOT, the largest depletion width
occurs when high-x dielectrics are used as both the back-gate
oxide and the thick top-dielectric environment. The use of high-
K materials as top- or back-gate oxides increases electric field
screening. At a given EOT, high-x back-gate oxides, such as
HfOz, are physically thicker and results in a larger depletion
width compared to SiO2 due to enhanced fringing field-screen-
ing. Fig. 4 demonstrates that at a given back-gate bias, the po-
tential energy drops sharply with SiOz as the back-gate oxide,
leading to a shorter depletion tail inside the channel, and hence
the thinnest depletion width. Configuration B, with a low-x

back-gate oxide and a high-x top oxide, has a slightly larger de-
pletion width. Configuration C, with high-x oxides for both top
and back-gate dielectrics, shows the largest depletion width. A
smaller depletion width reduces tunneling distance, increasing
transmission probability and reducing contact resistance, as ob-
served in geometry A.

102 E

10! E

Pc(back —gate)
Pc(no back—gate)

100 E

1071 100
n (10'3c¢cm=2)

Fig. 3. Ratio of contact resistances of configurations A, B, and C as a func-
tion of doping concentration, to their non-gate counterparts E and F.

034+
2 |z —— A (no IFBL)
S E R A (IFBL)
o 02y S —— B (no IFBL)
o : T e B (IFBL)
% 014 —— C (no IFBL)
5 2\ \\ C (IFBL)
S )
= P
0.04 ]
0.1 4 : : :
0 5 10 15 20
z (nm)

Fig. 4. Potential energy in back-gate devices A, B and C plotted with and
without taking into effect IFBL. The 1D cuts are obtained from the 2D po-
tential profiles we get by solving the Poisson equation.

From Fig. 4 we also find that at a fixed gate bias (1V shown)
the barrier lowering is the smallest in configuration C and high-
est in configuration A. The proximity of the gate-metal further
aids in reducing the barrier height, with low-« insulators lower-
ing the barrier more effectively than high-x oxides at a given
EOT. Figure 5 shows the inverse of the image potential energy
with respect to the distance from the metal-TMD interface. For
distances much larger than the layer thickness, the inverse im-
age potential is determined by the back-gate, contrasting with
the case without a back-gate (i.e. impurity doped contact) where
it is determined by the surrounding oxide’s dielectric constant.
Close to the interface, the 2D material’s dielectric constant
dominates, like the bulk case. This indicates that the back-gate
screens the barrier lowering effect, hindering the improvement
in contact resistance in electrostatically doped edge-contacts.
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Fig. 5. Reciprocal of image potential energy plotted as a function of the dis-
tance from the metal-TMD interface. Low values of (47xVimage x)) | means
improved IFBL and therefore E and A have the best cases of barrier lower-
ing.

IV. CONCLUSION

We have evaluated numerically the contact resistance of
back-gated (“electrostatically’ doped) metal-TMD edge-con-
tacts, considering both low-x and high-x bottom oxides with
similar EOTs. Low-« back-gate oxides result in a lower contact
resistance, though gate leakage is a concern due to thinner gate-
oxides. A high gate bias (>1V) can result in a favorable contact
resistance (50 Q pm) with high-x back-gate oxides like HfOx.
We accounted for semiconductor doping via back-gate bias in
our simulations and found that “electrostatically” doped edge-
contacts do not offer significant benefits compared to impurity-
doped ones.
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