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In this theoretical study, we compare electrostatically doped metal-transition metal dichalcogenide (TMD)
edge-contacts versus substitutionally doped edge-contacts in terms of their contact resistance. Our approach
involves the utilization of electrostatic doping achieved by applying back-gate bias to the metal-TMD edge
contacts, where carrier injection is primarily governed by the Schottky barrier at the interface. To analyze
these contacts, we employ the Wentzel-Kramers-Brillouin (WKB) approximation to calculate the transmission
coefficient and use density functional theory (DFT)-derived band structures. We numerically solve the Poisson
equation to capture the electrostatic potential. We also account for the impact of the image force using
Green'’s function for the Poisson equation with boundary conditions appropriate to our specific geometry. Our
findings reveal that electrostatically doped TMD edge contacts exhibit higher contact resistance compared to
impurity-doped edge contacts at equivalent carrier concentrations. At the same time, we find that, among the
electrostatically doped edge contacts, a low-«x back-gate oxide in conjunction with low-« top oxide is preferable
in terms of improvement in contact resistance. For instance, in a metal-TMD edge contact scenario involving
a monolayer MoS, as the channel, SiO, as the infinitely thick top oxide, and a SiO, back-gate oxide with an
equivalent oxide thickness (EOT) of 1 nm, we demonstrate that it is possible to achieve an impressively low

contact resistance of 50 € um when the back-gate bias exceeds or equals 2 V.
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I. INTRODUCTION

Two-dimensional (2D) materials, particularly transition-
metal dichalcogenides (TMDs), has ignited excitement for the
future of electronic devices [1,2—-11]. These materials offer
unique electronic properties due to their flat structure making
them prime candidates for efficient current flow in devices.
However, the realization of TMD-based devices faces many
difficulties, among which is the problem of obtaining a low
resistance for the Schottky metal-TMD contacts that usually
exhibit a high barrier [7,12-16].

Theoretical studies employing quantum-transport models
based on density functional theory (DFT) have shed light
on how metals and semiconductors interact at an atomic
scale, impacting Schottky barrier height and carrier injec-
tion [17-20]. However, these simulations face computational
challenges, especially when dealing with wide depletion
regions and therefore limit applicability. Additionally, an es-
sential phenomenon in metal-semiconductor contacts, known
as image-force barrier lowering (IFBL), remains beyond
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DFT’s scope. This effect, which plays a role in all metal-
semiconductor contacts, cannot be overlooked in calculating
contact resistance.

Previously [21], we have shown how the surrounding di-
electric material strongly affects the contact resistance in 2D
materials by modulating the depletion length as well as the
Schottky barrier lowering due to image charges. We found that
image-force barrier lowering in 2D material contacts doesn’t
follow the traditional bulk formula. Unlike in bulk materials,
in 2D edge-contact devices, the dielectric properties of both
the surrounding oxide and the TMD itself dictate the image-
force barrier lowering. Additionally, we demonstrated that
the bond strength between different metals and 2D materials
has a weaker impact on contact resistance compared to the
surrounding dielectric material. Our key finding emphasized
the importance of using low-« surrounding dielectrics, com-
bined with a high doping and low Schottky barrier, to improve
contact resistance in 2D materials, though there remains a
question as to how to address scaling which typically requires
a high-« dielectric material. In our study [21] we found that
metal-to-n-type MoS, edge-contacts with SiO, as top and
bottom insulators, a doping concentration >1x10'* cm~2 and
a metal work-function <5.1 eV yielded impressively low con-
tact resistance down to 50 €2 um. Conversely, we found that
high-x dielectrics such as HfO, worsened the contact resis-
tance due to longer depletion width and reduced image-force
barrier lowering.
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Degenerately doping 2D materials is a promising
strategy for minimizing contact resistance. Traditional
ion-implantation methods, while effective, have been
observed to compromise the integrity of monolayer transition
metal dichalcogenides (TMDs), resulting in defect formation.
This has spurred the exploration of innovative doping methods
for 2D TMDs. The main techniques involve substitutional
doping, charge transfer doping, and electrostatic doping. The
achievement of high levels of doping in TMDs has commonly
involved n or p type substitutional doping, accomplished
through controlled source or environmental conditions
during in situ TMD fabrication [22-26] or, alternatively,
using chemical vapor deposition (CVD) techniques [27-30].
Nonetheless, substitutional doping has been identified as a
source of surface and lattice defects, adversely affecting TMD
device performance [31].

The limitations associated with substitutional doping are
circumvented by charge-transfer doping. In this method,
dopants, such as gaseous molecules, metals, or organic
molecules, adsorb onto the TMDs. The resulting doping type,
whether n-type or p-type, depends on the direction of charge
transfer dictated by the difference of Fermi levels between the
TMDs and the dopants [32-34].

Last, electrostatic doping, a nondestructive, reversible dop-
ing approach, presents a promising option. In this technique,
modulation of the charge within the TMDs is achieved
through gate voltage manipulation. By manipulating the
charge within TMDs through gate voltage adjustments,
this approach exploits the capacitive coupling between an
external gate and TMDs [35-37]. Electrostatic doping in
TMDs is typically achieved through back-gating. However
the intricate interplay between back-gating and image-force
barrier-lowering, and their implications for contact resistance,
requires further exploration.

In this paper, we assess quantitatively the contact resistance
in 2D material edge-contacts within the context of back-gated
electrostatic doping. We take into account the effect of the
back gate and the nonuniform dielectric environment on the
Poisson equation. Additionally, we consider the reduction of
the IFBL effect due to the screening caused by the back gate.
We find that low-x bottom-gate oxide in conjunction with a
low-« top dielectric reduces the contact resistance. However,
back-gating is not as effective as conventional doping in re-
ducing the contact resistance. Therefore, electrostatic doping
may not provide the definitive solution for enhancing metal-
TMD contacts.

II. METHOD

We perform our simulations on the edge-contact geometry
shown in Fig. 1(a), composed of a semi-infinite undoped
TMD monolayer “sandwiched” between an infinitely thick
top oxide (SiO; or HfO,) and a thin bottom-oxide with a metal
back-gate. Following our previous work [21], we assume an
ideal Schottky barrier excluding effects due to interface chem-
istry of the contacts, Fermi-level pinning, or band-offsets,
which allows us to treat the junction in a simplified way
and at the same time incorporate the effect of the back-gate
oxides and barrier lowering due to surrounding dielectric. We
choose very thick (50 nm) dielectric as the top insulator to

reduce any effects from Neumann boundary conditions on the
electrostatics of the monolayer TMD [21]. The thickness of
the TMD monolayer (MoS; in this study) has been extracted
from the relaxed structure in the DFT calculation. In Fig. 1(b)
we show the various edge contact geometries that we have
simulated in this work. For simplicity and convenience for
the readers, we refer to the different device configurations as:
A, B, C, D, E, and F. It should be noted that A, B, C, and
D have back-gate (i.e., electrostatically doped), whereas E, F
denote the geometries used in our previous work (i.e., without
back-gate, doped channel). Based on the conclusion of our
previous work, i.e., low-« dielectric environment favors lower
contact resistance, we choose to use SiO, as the infinitely
thick top oxide in our current work (except C). However, for
the sake of comparison with our previous work where we used
the same high-« dielectric as the top and bottom oxides, we
also calculate the contact resistances using HfO, as the top
and bottom oxides, denoted as geometry C. For the back-gate
oxide, we choose either SiO, or HfO,. It should be noted that
since a back-gate oxide as SiO, with EOT of 1 nm is sub-
jected to considerable gate leakage, we also simulate a device
with a similar configuration as A but with an effective oxide
thickness (EOT) of 4 nm (schematic of structure not shown).

In our previous work [21] we compared contact resistances
calculated using the WKB approximation to that obtained by
the NEGF formalism. We established that the WKB results
match closely with the NEGF results using “ideal” contacts
[21], with a slight overestimation in the conductance. More-
over, as mentioned in our previous work, a treatment of 2D
contacts that takes into account the dielectrics requires a large
simulation domain (as the depletion width is of the order of
200 nm), which renders full scale DFT-NEGF simulations
hugely prohibitive. Additionally, it is not possible to treat
image-force barrier lowering using DFT-NEGF simulations.
Therefore, here we use the WKB approximation to obtain
the transmission probability through the Schottky barrier at
the metal-TMD junction. We obtain the contact resistance by
the following equation [38]:

! > 2¢2 ik,
e /_m 7{/ [;Mn(ky,Em(ky,m]E}

x ‘@ dE, M)
JoE

where p. denotes the contact resistance, e is the electronic
charge, h is the Planck’s constant, n is the band index for the
monolayer TMD, k, is the parallel wave-vector, and f(E) is
the Fermi-Dirac distribution function. E(k,) has been calcu-
lated from the full band DFT energy band-dispersion using
Wannier interpolation [39]. T (k,, E) is the transmission prob-
ability as a function of energy E and k,. M (k,, E') denotes the
number of conducting channels at the energy of interest, and
would result in the ballistic conductance in the absence of the
WKB integral.

The calculation of the WKB tunneling probability requires
the knowledge of the electrostatic potential. We calculate this
2D depletion potential by solving the Poisson equation with
Dirichlet boundary conditions at the metal contact and back
gate, using FEniCS [40,41]. We assume an anisotropic
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FIG. 1. (a) Edge-contact geometry considered in current work, where the middle layer is undoped monolayer MoS, with a thickness #,p

sandwiched between infinitely thick (fiop >> foor» fiop > f2p) top insulator and a bottom insulator of finite thickness #,. The Poisson equation is
solved over the 2D cross-section marked as a dashed box. (b) The different edge-contact geometries considered in the simulation are described
here. A, B, and C denote the back-gated edge-contacts where the EOT of the back-gate oxides are 1 nm. D has a similar composition as A,
but the back-gate oxide has a thickness equal to the physical thickness of HfO, with EOT 1 nm. A, B, and D comprise of infinitely thick top
insulator SiO, with back-gate oxides as SiO, or HfO,, whereas C has HfO, as both the infinitely thick top insulator and back-gate oxide. E and
F represent the geometries without back gate considered in our previous work [21], where E and F stand for MoS, monolayers “sandwiched”
between infinitely thick SiO, and HfO, respectively. (c) Schematic of the structure where we compute the Coulomb kernel with a point
charge located at z = 0. The top and bottom oxides have a homogenous isotropic permittivity, whereas the middle (2D) semiconductor has an

anisotropic permittivity.

dielectric permittivity for MoS, [42] The charge density in-
side the channel is computed numerically by solving the 2D
Poisson equation self-consistently with the TMD-full band
density-of-states obtained from DFT.

We calculate the band structure of monolayer MoS,, using
the DFT package Vienna ab initio Simulation Package (VASP)
[43—46]. We first use the generalized gradient approximation
(GGA) with the projector-augmented wave (PAW) method
[47] using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [48] for geometry optimization until
the maximum force on every atom drops below 0.01 eV/A.
We keep a large vacuum space of 30 A along the z di-
rection to avoid interaction between successive layers. We
also include the DFT-D3 dispersion correction of Grimme

Vimage(Qa z=0)=—

[€2p cosh (aQ) + €op sinh (aQ)][ezp cosh (aQ) sinh (1,1 Q) + €poy sinh (aQ) cosh (tpo Q)]

[49] to describe van der Waals interactions and calculate
accurately the interlayer distance. Next, we use the relaxed
structure to run electronic calculations using Heyd-Scuseria-
Ernzerhof (HSEO06) hybrid functional [50] with spin-orbit
coupling and an electronic convergence of 10~° eV, sampled
on the Brillouin zone with a I'-centered 8x8x1 k-mesh.
We interpolate the band structure on a denser 20x20x 1 k-
mesh by using Maximally localized Wannier Functions in the
Wannier90 code [39] and use it to compute the transmission
probability.

We calculate the image charge potential in the geome-
try shown in Fig. 1(c), analytically by solving the Coulomb
kernel of a point charge inside MoS, using the Hankel
transform [21]:

and the method of images to obtain the image potential en-
ergy. In Eq. (2), €zp, €p, and epy represent the dielectric
permittivities of the 2D material, top and bottom oxides,

€200 €top€bot COsh (60 Q) + €202 sinh (1,0 Q) + €2 cosh (2aQ){€por cOsh (1ot Q) + €top Sinh (oo Q)} ]

@

respectively, whereas a, t,p, and #,,, denote one-half of the
2D material thickness, the top and bottom oxide thicknesses,
respectively.
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FIG. 2. (a) Calculated contact resistance vs doping concentration for MoS, edge-contacts with a Schottky barrier height of 0.3 eV. The
top x axis denotes the bulk doping concentration in MoS,. The lowest contact resistance is achieved 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. (b) Ratio of contact resistances of configurations A, B, and C as a function of doping concentration, to their nongate

counterparts E and F.

III. RESULTS

Figure 2(a) shows the plot between contact resistance and
doping concentration. We compare both bulk contact (without
gate) and edge-contact configurations, with and without back
gate. Additionally, we analyze the ratio of contact resistances
with and without the back gate in Fig. 2(b), all at a Schottky
barrier height of 0.3 eV. We obtain the contact resistance for
the devices (E and F) excluding the effect of electrostatic
doping (simulated with infinitely thick top and bottom oxide)
from our previous work [21]. The most favorable contact
resistance is achieved in impurity-doped edge-contacts sur-
rounded by a low-« dielectric (outperforming bulk contacts),
denoted as geometry E. Among the back-gated devices, device
A, with SiO, as the top and bottom oxides shows the lowest
contact resistance. It slightly surpasses the performance of
bulk configurations, and overall demonstrates the smallest
reduction in contact resistance with respect to its nongated
counterpart E. As SiO, back-gate oxide with EOT of 1 nm can
lead to higher gate leakage in practical cases, we simulated a
similar configuration with EOT of 4 nm which is shown as
blue dash-dotted line in Fig. 2(a). It has a contact resistance
which is slightly higher than A, but lower than other back-gate
configurations. A doping concentration of 2x10'3 cm™2 is
sufficient to achieve a contact resistance as low as 50 € um
in edge-contact configuration A, whereas much higher doping
concentrations are required to attain the same contact resis-
tance in the other electrostatically doped configurations.

Figure 2(b) shows that the contact resistance in A increases
upto a factor of 2.5 with respect to its no-gate counterpart E.
A similar trend is observed for configuration C, which utilizes
the same high-x top and bottom insulators, as its no-gate
counterpart F. Notably, the contact resistance in this setup
is 11 times higher, clearly illustrating the adverse impact of
back-gating. These patterns of increased contact resistance
in back-gated edge-contacts persist across configurations. In
geometry B, the back-gate oxide material is the same high-«
dielectric as used in F and a low-« top oxide similar to E. We

have shown the ratio of its contact resistance with respect to
both E and F. An analysis of geometry B reveals a 2.5-fold
rise in contact resistance in relation to geometry F, and a sub-
stantial 100-times increase with respect to geometry E. Thus,
it becomes clear that electrostatically doped edge-contacts
demonstrate a higher contact resistance than substitutionally
doped edge-contacts. Among the electrostatically doped con-
tacts, at a given EOT, where the top oxide material remains
same (i.e., A and B), we find that A, which has a low-«
back-gate oxide, performs better. On comparing B and C,
i.e., configurations with same EOT and same high-x dielectric
back-gate oxide but different top dielectric, we find that C,
which has HfO, as the top oxide, exhibits a worse contact
resistance. The analysis of the contact resistance configura-
tions shown in Fig. 2 thereby underscores the crucial roles
played by doping concentration, dielectric environment and
back-gating in guiding the optimization of contacts in 2D
materials.

The choice of back-gate oxide proves to be a pivotal factor
influencing contact resistance through the depletion width and
image-force barrier-lowering (IFBL). In Fig. 4, we observe
the influence of distinct dielectric environments on the deple-
tion width. Specifically, at a given EOT, the largest depletion
width is observed when both the back-gate oxide and the
thick top oxides are high-x dielectrics. This phenomenon
is further demonstrated in the contour plots displayed in
Figs. 3(a), 3(b), and 3(c) that show the 2D potential within
electrostatically doped configurations A, B, and C with elec-
tric field lines superimposed. The potential spreads slowly
over the length of the channel as the surrounding dielectric
permittivity increases and the charge transfer across the metal-
semiconductor junction occurs over a longer distance. This
leads to a larger tail of the depletion width inside the 2D
channel. Figures 3(d), 3(e), and 3(f) show that the electric
field is strongest in geometry A where both the top dielectric
and the back-gate oxide is SiO,. The presence of a high-«
material as the top- or back-gate oxide increases the electric
field screening as shown in Fig. 3(e) and 3(f). Further, a
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FIG. 3. Contour plots of potential with electric field lines in a 2D cross-section of electrostatically doped (back-gate) edge-contact
geometries (a) A, (b) B, and (c¢) C, and, magnitude of electric field in a cross-section of electrostatically doped (back-gate) edge-contact
geometries (d) A, (e) B, and (f) C, at a Schottky barrier height of 0.3 eV and Vg = 1 V. The region between the dotted black lines is the
monolayer MoS;. (c¢) 1D potential energy in back-gate devices A, B, and C plotted with and without taking into effect IFBL.

back-gate oxide with a 1 nm EOT indicates a physically
thicker HfO, than SiO;. Thus at a given EOT, a high-« back-
gate oxide leads to a larger depletion width due to increased
screening of the fringing electric field, as also seen in the
contour plot profiles. This result is further supported by the
1D cuts extracted from the 2D potential profiles in Fig. 3(g),
which shows that at a given back-gate bias, the potential en-
ergy exhibits a sharp decline when the back-gate oxide is SiO,
such as in A, consequently resulting in the thinnest depletion
width [see the dotted oval in Fig. 3(g)]. It is followed by B
which too has a low-« back-gate oxide but a high-« thick top
oxide. The longest depletion width appears in C where both
top and back-gate oxides are HfO,. The smaller the depletion
width the lower is the tunneling distance which increases the
transmission probability and reduces the contact resistance as
seen in geometry A.

The interplay between depletion width and contact resis-
tance is observed in all the configurations across the chosen
gate bias range. We show this in Fig. 4, where the red curve
illustrates the contact resistance-ratios of configurations B

and C to A in the absence of barrier lowering. Notably, as gate
bias increases, the contact resistance shows an improvement.
We find a considerable 75-fold and 20-fold rise in contact
resistance for configurations C and B compared to configura-
tion A when the effect of barrier lowering is excluded. This
observation finds its origins in the reduction of the depletion
width when surrounding dielectric environment is mostly
low-k.

We visualize the effect of IFBL on the contact resistance in
A, B, and C by closely examining the blue curves in Fig. 4.
The blue curve in Fig. 4 denotes the ratio of the contact
resistances of A, B, and C with and without IFBL. We find that
A shows the strongest effect of barrier lowering with 8 times
improvement in contact resistance whereas there is only about
three and five times improvement in C and B, respectively.
Similarly in Fig. 3(g), we see that a gate bias of 1 V, the barrier
lowering is worst in C and best in A. Moreover, the proximity
of the metal-gate helps in lowering the barrier height. So, at
a given EOT low-« insulators lower the height of the barrier
more than high-x oxides and nearby gates help.
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Figure 5 shows the inverse image potential energy with
respect to x, which can be thought of as a “position-dependent
dielectric constant,” where x is the distance of the point charge
from the metal-TMD interface, and Vimage(x) is the calculated
image potential for a point charge located in the middle of
MoS; monolayer in the presence of different surrounding
dielectrics. We see that at distances much larger than the
layer thickness (x > f;p), the inverse of the image potential
is determined by the back gate. This is in contrast to the case
without back gate, where the inverse potential is determined
by the dielectric constant of the surrounding oxide. However,
when x < fhp, the 2D-material dielectric constant dominates,
as in the bulk case, and the barrier-lowered potential behaves
as e;px. This figure thereby implies that the barrier lowering
is screened by the back gate which deters the improvement in
contact resistance in electrostatically doped edge contacts.
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FIG. 5. Inverse of image potential energy plotted as a func-
tion of the distance from the metal-TMD interface. Low values of
[47 X Vimage (x)]~! means improved IFBL and therefore E and A have
the best cases of barrier lowering.

IV. CONCLUSION

We have numerically evaluated the contact resistance of
back-gated metal-TMD edge contacts. We have investigated
the effect of both low-« and high-« bottom oxides with similar
EOT. Our results indicate that low-x back-gate oxides result
in a lower contact resistance, although the concern of gate
leakage remains. Applying a sufficiently high gate bias (>1V)
can result in favorable contact resistance (50 €2 um) when
using a high—« dielectric such as HfO, as the back-gate oxide.
In our simulations, we have accounted for the semiconductor
doping through back-gate bias. Upon comparing our results
with the contact resistances in impurity-doped edge-contacts
we observed that electrostatically doped edge contacts do not
provide significant benefits.

It should be noted that we simulated the band structure of
an isolated monolayer of MoS,; to calculate the transmission.
A more accurate electronic structure of the interfaces requires
DFT simulations of the entire MoS,-oxide-metal structure
which is beyond the scope of this paper. It is important to
note that the type of oxides, and oxide-MoS, terminations,
simply determines the Fermi level position of the semicon-
ductor, affecting its n or p-type characteristics, similar to the
effect of doping a semiconductor [51,52]. The edge-contact
termination at the metal-MoS, interface determines the charge
transfer between the metal and the semiconductor as well as
the FLP [19]. The influence of surrounding oxides and doping
via back-gate bias, on the contact resistance, predominantly
stems from electrostatics, independent of the specific atomic
arrangements at the MoS,-oxide or metal interface. Indeed,
our prior work utilizing effective-mass-based nonequilibrium
Greens function (NEGF) simulations, has demonstrated that
the impact of surrounding oxides on contact resistance out-
weighs that of metal-2D layer coupling [21].

We obtained our results assuming a 0.3 eV Schottky barrier
without Fermi-level pinning (FLP). If large FLP is present,
then this should be accounted for by changing the boundary
conditions at the TMD in the Poisson equation compared to
the rest of the metal. Considering two metals with the same
work-function, the one with larger FLP would have a larger
Schottky barrier height. However, considering two metals
with the same effective Schottky barrier height, the metal
with lower work-function will have higher FLP. In general,
FLP should increase the electric field near the metal-MoS,
junction and amplify the effect of the IFBL so that the same
qualitative trends would be observed, albeit more pronounced.
Since we compare different dielectric configurations for the
same Schottky barrier, our investigation is fair and the findings
will still hold qualitatively in the presence of FLP.
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