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A B S T R A C T

We compare the image-force barrier lowering (IFBL) and calculate the resulting contact resistance for four
different metal–dielectric-two-dimensional (2D) material configurations. We analyze edge contacts in three
different geometries (a homogeneous dielectric throughout, including the 2D layer; a homogeneous dielectric
surrounding the 2D layer, both ungated and back gated) and also a top-contact assuming a homogeneous
dielectric. The image potential energy of each configuration is determined and added to the Schottky energy
barrier which is calculated assuming a textbook Schottky potential. For each configuration, the contact
resistivity is calculated using the WKB approximation and the effective mass approximation using either SiO2
or HfO2 as the surrounding dielectric. We obtain the lowest contact resistance of 1 kΩμm by n-type doping an
edge contacted transition metal-dichalcogenide (TMD) monolayer, sandwiched between SiO2 dielectric, with
∼1012 cm−2 donor atoms. When this optimal configuration is used, the contact resistance is lowered by a factor
of 50 compared to the situation when the IFBL is not considered.
1. Introduction

Making low-resistance contacts to two-dimensional (2D) materials is
challenging and the theory behind contacts is not well-developed [1–
3]. The metal/transition-metal dichalcogenide (TMD) interface often
introduces a contact resistance of >1 kΩμm [4] due to large Schottky
barriers at the interface. Most studies of edge or top contacts ignore
the impact of image-force barrier lowering (IFBL) on the Schottky
barrier [5] which is crucial to accurately estimate the contact resistance
in different situations. Recently, we calculated the contact resistance in
side contacts, using a semiclassical model but accounting for IFBL [6],
and showed that using a low-𝜅 dielectric around the 2D material
drastically improves contact resistance.

In this work, we analyze the impact of the IFBL in four different
metal–dielectric-2D material configurations as illustrated in Fig. 1(a)–
(d). Fig. 1(a) shows the ‘‘hom’’ configuration, consisting of an edge
contact (EC) to the TMD assuming the dielectric response of the 2D
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material is the same as that of the dielectric. In (b), we account for the
dielectric response of the MoS2 monolayer with 𝑡2D = 0.65 nm [7]
(the ‘‘het’’ configuration). In (c), we introduce a metal back-gate at a
distance of 𝐿EOT = 1 nm (the ‘‘gated’’ configuration). Finally, we inves-
tigate a top contact to the TMD assuming a homogeneous dielectric
environment as shown in (d), where 𝑡VdW = 0.2 nm [3] (the ‘‘top’’
configuration). We determine the IFBL in each of the configurations and
calculate the resulting contact resistance as a function of n-type doping
of the 2D channel material with surrounding dielectrics of either SiO2
or HfO2.

2. Methodology

In the ‘‘hom’’ configuration, we use the textbook IFBL expression
(Eq. (1)) obtained using the well-known method of images [8]

𝑈hom
image(𝑥) = − 𝑒2

8𝜋𝜖
1
2𝑥

. (1)
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Box I.
Fig. 1. (a) Edge contact (EC) with homogeneous dielectric (‘‘hom’’); (b) EC with
heterogeneous dielectric (‘‘het’’); (c) EC with heterogeneous dielectric and metal
back-gate (‘‘gated’’); (d) Top contact (TC) with a homogeneous dielectric (‘‘top’’).

Here, 𝜖 = 𝜖0𝜖𝑟, where 𝜖𝑟 is the relative dielectric constant of the
surrounding dielectric, which is either 𝜖𝑟 = 𝜖SiO2

= 3.9 or 𝜖𝑟 =
𝜖HfO2

= 25. In Ref. [9], we obtained the IFBL for ‘‘het’’ and ‘‘gated’’
(‘‘h/g’’) configurations using the method of images yielding a Hankel
transform

𝑈h∕g
image(𝑥) = − 𝑒2

4𝜋 ∫

∞

0
𝑉 h∕g(𝑄)𝐽0(2𝑥𝑄)𝑄𝑑𝑄. (2)

Here, 𝑉 h∕g(𝑄) is the Hankel transform of the potential due to a point
charge in the ‘‘het’’ or ‘‘gated’’ configurations and 𝐽0 is the zeroth order
Bessel function of the first kind. 𝑉 h∕g(𝑄) can be derived with laborious
algebra (omitted here) and, for the ‘‘gated’’ configuration takes the form
(see Box I) where, 𝜖2D = √

𝜖∥𝜖⟂ and 𝛽 =
√

𝜖∥∕𝜖⟂. The limit 𝐿 → ∞ gives
𝑉 het(𝑄) for the ‘‘het’’ geometry. For the top contact, we derive the IFBL
using the Kontorovich–Lebedev transform [10] which yields

�̃� top
image(𝑟, 𝜃) = − 𝑒2
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Using transformations 𝑟 =
√

𝑥2 + 𝑦20 and 𝜃 = atan
(

𝑥∕𝑦0
)

, we define
the potential 𝑈 top

image(𝑥) along the 2D layer at 𝑦0 = − 𝑡VdW − 𝑡2D∕2.
To estimate the impact of the IFBL on contact resistivity, we con-

sider a conventional Schottky barrier potential [11]

𝑈S(𝑥) =
𝑒𝑁D (𝑥 − 𝑥dep)2, and 𝑥dep =

√

2𝜖𝜙S . (5)
2

2𝜖 𝑒𝑁D
Fig. 2. Image potential energy for a top contact configuration (d), where SiO2 is chosen
as the surrounding dielectric.

Here, 𝑁D is the n-type doping concentration and 𝜙S is the Schottky-
barrier height. The total potential-energy barrier is given by 𝑈 (𝑥) =
𝑈S(𝑥) + 𝑈image(𝑥). We follow Ref. [12,13] to compute the contact
resistivity 𝜌𝑐
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is the first derivative of Fermi–Dirac equation, 𝑈 (𝑥) is
the potential energy, 𝐸 is the total energy, 𝑘𝑦 is the 𝑦-component of
the 𝑘-vector and 𝑇 (𝑘𝑦, 𝐸) is given by the WKB approximation

𝑇 (𝑘𝑦, 𝐸) = exp
[

−2∫

𝑥dep

0
𝜅(𝑥)𝑑𝑥

]

. (7)

Assuming that the effective mass 𝑚∗ of MoS2 is 𝑚∗ = 0.5𝑚𝑒, we compute
𝜅(𝑥) as

𝜅(𝑥) =

√

√

√

√

2𝑚∗

ℏ2

(
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(
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ℏ2𝑘2𝑦
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))

. (8)

3. Results

In Fig. 2, we show the IFBL due to an electron in the vicinity of
a metal wedge as presented in Eq. (4). We observe that the electron
experiences an attractive force towards the metal since the image
potential energy �̃� top

image(𝑟, 𝜃) decreases coming closer to the wedge.
Fig. 3 shows the image potential energy as a function of distance 𝑥

from the interface in the center of the TMD. The ‘‘hom’’ configuration
expresses the overall strongest IFBL compared to all other configura-
tions. The ‘‘het’’ configuration shows reduced IFBL for very small 𝑥,
while the ‘‘gated’’ configuration has much lower IFBL for large 𝑥. For
the ‘‘top’’ configuration, we take a slice of Fig. 2 at 𝑦 = −0.525 nm where
the middle of the TMD would be. As a result of the slice not reaching a
metal plate, configuration (d) has the lowest IFBL at small 𝑥 compared
to all other configurations.

Fig. 4 plots a ‘‘position-dependent’’ dielectric constant which is
defined to yield the correct image-force potential in the middle of
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Fig. 3. Image potential energy profiles for the various contact configurations
accounting for a surrounding dielectric of SiO2.

Fig. 4. The ‘‘position-dependent’’ dielectric constant 𝜖(𝑥) vs. 𝑥 for every contact
configuration. It compares the behavior of 𝑈image in each configuration to the expected
extbook behavior as defined in Eq. (1).

he layer in all configurations when using Eq. (1). This quantity can
e defined as 𝜖(𝑥) = |

|

|

4𝜋𝑒−1 ⋅ 4𝑥 ⋅ 𝑈image(𝑥)
|

|

|

−1
. For the ‘‘hom’’ con-

figuration, the ‘‘position-dependent’’ dielectric constant remains close
to the dielectric constant of the environment which is in this case
𝜖SiO2

= 3.9𝜖0. For the ‘‘het’’ and ‘‘gated’’ configurations, the dielectric
constant approaches 𝜖2D = 9.8𝜖0 for 𝑥 < 𝑡2D. The dielectric constant
of the 2D material controls the behavior of the image potential close
to the metal. As a result, the potential goes as 1∕(𝜖2D𝑥). For 𝑥 > 𝑡2D,
the ‘‘position-dependent’’ dielectric constant in the ‘‘het’’ configuration
tends to 𝜖SiO2

= 3.9𝜖0, while in the ‘‘gated’’ configuration it diverges
to infinity as the image potential is influenced by the back-gate metal.
In the ‘‘top’’ configuration, the dielectric constant diverges to infinity
for 𝑥 ≪ 0 which is due to the flat potential profile of the image
potential under the metal. At 𝑥 ≫ 0, the potential settles at a higher
dielectric constant of 𝜖 = 4.62𝜖0 > 𝜖SiO2

compared to the surrounding
dielectric, implying that 𝑈image is less steep than in the ‘‘hom’’ and ‘‘het’’
configurations.

Fig. 5 illustrates the tunnel barriers with a Schottky-barrier height
𝜙S = 0.3 eV, 𝑁D = 1010 cm−2 and a surrounding dielectric of
SiO2 (𝜖SiO2

= 3.9𝜖0) for all configurations. At all distances from the
metal plates, the barrier is most reduced in the case of the ‘‘hom’’
configuration, closely followed by the ‘‘het’’ configuration. When close
to the metal, the Schottky barrier is lower for the ‘‘gated’’ configuration
compared to the ‘‘top’’ configuration, while the reverse is true at a large
distance from the metal plate.

In Fig. 6 we show the contact resistance (Eq. (6)) as a function of
doping concentration for all contact configurations with surrounding
3

Fig. 5. Potential energy 𝑈 (𝑥) = 𝑈S + 𝑈image. The Schottky barrier is plotted in case of
o IFBL contributions (NI) and in case of all contact configurations. The surrounding
ielectric used for this plot is SiO2.

Fig. 6. Contact resistivity vs. doping concentration for a SiO2 surrounding dielectric:
NI - No IFBL, (a)–(d) with IFBL in all contact configurations.

Fig. 7. Contact resistivity vs. doping concentration for a HfO2 surrounding dielectric:
I - No IFBL, (a)–(d) with IFBL in all contact configurations.

iO2 (𝜖 = 3.9𝜖0) dielectric. A contact resistivity of 115 Ωμm is obtained
at a doping of ∼1012 cm−2 using side contact configurations.

In Fig. 7, we show the contact resistance in each contact configu-
ration with HfO2 as surrounding dielectric (𝜖 = 25𝜖0). We observe
that a contact resistance of 130 Ωμm is achieved at a doping of
1014 cm−2 using side-contact configurations. Compared to the contacts
surrounded by SiO , we need to increase the doping concentration in
2
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Fig. 8. Ratio of Schottky resistivity w/o IFBL (𝜌NI) and the resistivity of the various
contact configurations (𝜌i; 𝑖 =) (a)–(d) for a SiO2 surrounding dielectric.

Fig. 9. Ratio of Schottky resistivity w/o IFBL (𝜌NI) and the resistivity of the various
contact configurations (𝜌i; 𝑖 =) (a)–(d) for a HfO2 surrounding dielectric.

he 2D material by two orders of magnitude to realize a similar contact
esistance when using a higher-𝜅 dielectric.

Fig. 8 plots the ratios of the resistivity for the Schottky barrier
ith IFBL and without IFBL contribution in a surrounding dielectric
f SiO2, while Fig. 9 shows the ratios with a surrounding dielectric of
fO2. When using SiO2, the contact resistance experiences the largest

mprovement in the ‘‘hom’’ configuration of about 50, while using
he more realistic ‘‘het’’ configuration, we still obtain a considerably
arge improvement of about 30. The configuration with a back-gate
nd the top contact configuration yield smaller improvements of only
15 and ∼10, respectively. Substituting the surrounding dielectric for
fO2, the more realistic ‘‘het’’ and ‘‘gated’’ edge contact configurations

how the biggest improvements of ∼3.6 and ∼3.4, respectively. The
‘hom’’ configuration shows an improvement in contact resistance of
2.7, while the top contact only shows an improvement ∼1.5.

. Conclusion

In conclusion, we find that the IFBL in the ‘‘het’’ side contact
ombined with SiO2 as dielectric improves the contact resistances up
4

o three times compared to the top contact. Using low-𝜅 surrounding
dielectric materials such as SiO2 greatly reduces contact resistance (up
to ten times) compared high-𝜅 materials such as HfO2. Back-gating
yields higher contact resistances compared to contacts without back-
gate. However, at high doping, the resistance of a back-gated contact
can be lower than that of a top contact. The resistances of the order
∼ 100 Ωμm are optimistic, but the model used for the depletion of the
TMD has limitations. In future work, we will use more accurate models
to determine the depletion leading to better estimates of the contact
resistivity.
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