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The engineering of efficient electrical contacts to two-dimensional (2D) layered materials represents
one of the major challenges in the development of industrial-grade 2D-material-based electronics and
optoelectronics. In this paper, we present a computational study of the contact resistance and current-flow
distribution for electrical contacts between 2D materials and three-dimensional (3D) metals and between
different 2D materials. We develop models of the electrical contact resistance for 2D/2D and 2D/3D
metal/semiconductor contact interfaces based on a self-consistent transmission-line model coupled with a
thermionic charge-injection model for 2D materials and first-principles simulation by density-functional
theory, which explicitly includes the variation of the electrostatic potential in the contact region. We com-
pare the results of our self-consistent calculations with existing experimental work and obtain excellent
agreement. It is found that the presence of contact interface roughness, in the form of fluctuating Schottky
barrier heights in the contact region, can significantly reduce the contact resistance of MoS,/metal Schot-
tky 2D/3D contacts. Our findings suggest that roughness engineering may offer a possible paradigm for

reducing the contact resistance of 2D-material-based electrical contacts.
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I. INTRODUCTION

The undesirably large contact resistance between two-
dimensional (2D) semiconductors and three-dimensional
(3D) metallic electrodes represents one of the major obsta-
cles to the development of practical 2D electronic and
optoelectronic devices [1]. The engineering of better elec-
trical contacts has become a key research objective in
recent years. Extensive efforts have been made to improve
current flow through contacts and to improve device
performance in 2D-material-based devices [2—7]. Recent
experimental breakthroughs have demonstrated that a van
der Waals contact between a metal and a 2D semiconduc-
tor can significantly improve the quality of the electrical
contact [8,9]. This advancement opens up exciting avenues
for the exploration of how 2D/3D electrical contacts can
be further improved. This leads to the need for a physi-
cal model that comprehensively includes both the material
properties of 2D semiconductors and geometrical elec-
trostatic effects in mixed-dimensional nanostructures; this
topic has been studied only rarely in the literature thus far.
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In this paper, we present a consistent model for calculat-
ing the contact resistance, which is important for realizing
2D-material-based electronics. This model includes ele-
ments that are absent in prior work, such as a consistent
spatially dependent transmission-line model (TLM), an
improved model for charge injection at a 2D electrical
contact, and taking account of the effects of roughness.
Our consistent model for 2D/3D or 2D/2D electrical con-
tact resistances is based on coupling a recently devel-
oped thermionic charge-injection model for 2D materials
[10] with a 2D TLM accounting for the varying spe-
cific contact resistivity along the contact length [11]. The
latter has been recently applied to study nanoscale tun-
neling electrical contacts [11—13]. Here, using our self-
consistent model for 2D-material-based contacts, profiles
of the current and voltage distribution in the contact region
and the total contact resistance are calculated for vari-
ous input voltages, contact dimensions, material proper-
ties, and temperatures. It is found that one-dimensional
(1D) models become less reliable when the Schottky bar-
rier height (SBH) becomes smaller or when the applied
voltage becomes larger, where our self-consistent model
is expected to provide an improved evaluation of 2D-
material-based electrical contacts. The results of our self-
consistent calculations are compared with results obtained
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using the classic Richardson-Dushman (RD) thermionic
law. We find that the RD law significantly underestimates
the contact resistance and overestimates the contact current
density for 2D-material-based contacts. We obtain excel-
lent agreement when our numerically calculated results are
compared with the reported experimental data [9,14,15].

Further, we incorporate the effects of interface rough-
ness in 3D/2D electrical contacts into our 2D TLM model.
Interface roughness can be introduced (or engineered) by
substrate doping [16] and is inherently present due to
the inevitable presence of interfacial defects during the
fabrication process. The impact of surface roughness on
the contact resistance of ohmic contacts has been stud-
ied previously [17-20]. Previous experiments have also
demonstrated that substrate roughness can improve the
mobility of 2D transition-metal dichalcogenides (TMDs)
by several orders of magnitude [21]. In our model, the con-
tact interface roughness is modeled as a fluctuating SBH
[22] on the electrical contact. Using experimental device
parameters for a Au/MoS; electrical contact [14], we show
that the contact resistance of a 2D/3D Schottky contact
can be reduced by more than one order of magnitude. The
key finding that roughness can improve the quality of a
2D/3D electrical contact further highlights the technolog-
ical importance of roughness engineering for improving
device performance in 2D electronics and optoelectronics.
Our findings provide a theoretical foundation for the mod-
eling of contact resistance in 2D/2D and 2D/3D electrical
contacts and establish a viable route towards the design of
better electrical contacts to 2D materials using roughness
engineering.

II. MODEL

Because of the reduced dimensionality and the exotic
electronic properties of 2D materials, the physics of elec-
tron emission deviates significantly from that in tradi-
tional 3D materials [10,23—25]. The thermionic emis-
sion of charged carriers across a 2D-material-based
metal/semiconductor Schottky contact [see Fig. 1(a) for
a band diagram] is found to be universally governed
by a simple current-temperature (J-7) scaling law [10],
In(J/T?) = A4 — B/T, where A and B are material- or
device-dependent parameters, and 8 = 1 or 3/2 for a verti-
cal or lateral Schottky contact, respectively. For 2D TMDs,
such as atomically thin MoS;, the thermionic emission is
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where ®p( is the intrinsic SBH, the Fermi velocity vg
is 1.1 x 10°m/s for MoS,, e is the Fermi level, and
T ~ (0.1-10) ps is the carrier-injection time, determined
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FIG. 1. (a) Band diagram of a 2D-semiconductor/3D-metal
electrical contact. (b),(c) Parallel partially overlapping electri-
cal contacts between (b) monolayer MoS, (2D semiconductor)
and gold (3D metal), and (c) graphene (2D) and MoS; (2D). (d)
Transmission-line model.

experimentally [26]. Equation (1) deviates significantly
from the classic RD thermionic law for 3D materials, i.e.,
In(J3p/T?) o 1/T [27]. The Shockley diode equation can
thus be modified to

.
TV, T) = Ju(V, ) [exp (%T) - 1], @)

which is obtained based on the detailed-balance prin-
ciple [27]. Equation (2) represents the generalized 2D
Shockley diode equation for 2D electronic systems [10].
For comparison, the Shockley diode equation based
on the 3D classic RD thermionic law is J3p(V,T) =
Jro(V, D)[exp (eV/kgT) — 1], where Jrp(V,T) = (4nm*
kie/h*)T* exp[ — (®po — er)/kpT) and m* = 0.54m, [28],
m, being the mass of an electron.

A 2D self-consistent TLM [11] is used to predict the pro-
files of the current and voltage distributions and the total
contact resistance in nanoscale 2D/3D Schottky contacts.
Consider a parallel contact between a 2D semiconductor
and a 3D metal, or between two 2D nanosheets, as shown
in Figs. 1(b) and 1(c). The dc equivalent-lump-circuit TLM
[29—33] for these contacts can be constructed as shown
in Fig. 1(d). A voltage V} is applied to the lower contact
at x = 0, the contact length is L, and the specific contact
resistivity p.(x) is spatially dependent [11]. The governing
equations can be written as

815)(;6) o, aV81 )fx) _ (xv)vRShl’ Ga)
0l (x) — (), v (x) _ _IZ(x)Rsh2, (3b)
0x 0x w

where 7;(x) and ,(x) represent the current flowing at x
through the lower and upper contact members, respec-
tively, Vi(x) and V,(x) are the local voltages at x on
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the lower and upper contact members, respectively, and
w is the effective transverse dimension of the contacts.
Rgn1 and Ry are the sheet resistance of contact mem-
bers 1 and 2, respectively. The sheet resistance of MoS;
under a contact can be calculated semiempirically [14] as
Ry = 1/nen(T), where n is the 2D carrier density, with
a typical value of 5 x 10'2cm™2, e is the electron charge,
and w(T) = uo(T/300)~1% is the temperature-dependent
mobility. The spatially dependent specific contact resistiv-
ity p.(x) is calculated from the local voltage drop across
the interface, V(x) = Vi(x) — V>(x), and the local contact
current density J.(x) as p.(x) = V(x)/J.(x). The boundary
conditions for Eq. (3) are V(x = 0) = Vy, L(x = 0) =0,
ILi(x=L)=0, V2(x =L) = 0. Here, the contact current
density is modeled by the thermionic injection mechanism
of Eq. (2),1.e.,J.(x) = Jop[V(x), T]. The contact resistance
can be calculated by self-consistently solving Egs. (1)~3)
to obtain

V.
RC = OW s
Itot

(4)

where [y is the total current in the circuit, which is
uniquely determined by the boundary conditions of Eq.
(3) [11]. The details of the procedure for self-consistently
solving the coupled Egs. (1)~3) can be found in Ref. [11].
It is important to note that the TLM is only a simplified
approximation to a 2D/3D electrical contact, where accu-
rate evaluation of current crowding and the fringing fields
near the corners of the contact in the 3D metal requires
field-solution methods [34-36].

IT1. RESULTS AND DISCUSSION

In Fig. 2, we show self-consistent calculations of the
voltage drop V(x), the injection current density J.(x), and
the contact resistivity p.(x) across the contact region for
a fixed bias voltage Vy = 0.1 V with different inter-
face charge-injection times 7, for a MoS,/Au contact
using the experimentally determined device parameters
reported previously [14]. In Fig. 2(a), it is found that
V(x) is nonuniform over the contact length. The variation
of V(x) increases with decreasing charge-injection time,
which indicates a stronger current-crowding effect in the
2D/3D interface for a higher carrier-injection efficiency, as
shown in Fig. 2(b). This is consistent with previous stud-
ies, which show that the current-crowding effect increases
with more conductive contact interfaces [31,35,36]. The
spatially dependent contact resistivity is more evenly dis-
tributed across the contact region for contacts with a longer
injection time [Fig. 2(c)].

In Figs. 3(a) and 3(b), the contact resistance R, calcu-
lated from Egs. (1)~(3) is shown as a function of the bias
voltage for two different SBHs for the 2D/3D contact in
Fig. 1(b). The 2D/3D contact exhibits a transition from
a Schottky contact characteristic, in which R, increases
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FIG. 2. (a) Voltage drop V(x), (b) current density J.(x), and

(c) specific contact resistivity p.(x) across the contact interface
for a contact between monolayer MoS; (2D semiconductor) and
gold (3D metal) for different carrier-injection times 7 with a fixed
applied voltage V) = 0.1 V and a contact length L=20 nm.
Here, Rshl(MOSz) =35714 Q/D, Rshz(Au) =44 Q/D, qDB =
0.1eV,er =0.8¢eV,and T = 300 K.

with decreasing temperature for Vy < &g, to an ohmic
contact characteristic, in which R, increases with increas-
ing temperature for V5 > ®p. Such a transition is due to
the offset of the SBH caused by the external bias voltage. In
Figs. 3(c) and 3(d), the temperature dependence of R, fur-
ther confirms the Schottky-to-ohmic transition at V) ~ &p
observed in Figs. 3(a) and 3(b), which is also consistent
with experimental results [14].

In Fig. 4, V(x), J.(x), and p.(x) for a MoS,/Ag con-
tact are shown for varying contact length L. The current
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FIG. 3. (a),(b) Contact resistance R, as a function of applied

voltage V) for different values of 7, for (a) g = 0.1 eV and (b)
@5 =0.2¢eV . (c),(d) R, as a function of T for different values
of Vy, for (¢) &5 =0.1eV and (d) &5z =0.2 eV . Here, the
contact is between monolayer MoS; and Au, with t = 0.1 ps and
L=50nm.
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FIG. 4. (a) Voltage drop V(x), (b) current density J.(x),

and (c) specific contact resistivity p.(x) across the con-
tact interface for MoS,/Ag contacts with different contact
lengths L and fixed applied voltage V= 0.1 V. The solid
lines are for self-consistent calculations of model A, and
the dashed lines for model C. See text for details. Here,
7 = 0.1 ps, Rgh1 (MoS;) = 30000 /0], Ry (Ag) = 3.18 /01,
er =0249 eV, ®p =0.212¢eV,and T = 300 K.

crowding is strongly amplified in the case of a long con-
tact length, because the applied voltage is distributed over
a longer resistive network (Fig. 1), resulting in an increased
interface contact resistivity due to the voltage-dependent
Schottky barrier. The influence of L on R. is shown in
Fig. 5 for different applied voltages. In Figs. 4 and 5,
we calculate the results using four different approaches:
model A, self-consistent calculations using Egs. (1)+3)
(solid lines); model B, an analytical solution [11] of Eq.
(3) assuming constant p., calculated using a fixed V' =
Vo in Eq. (2) (dotted lines); model C, calculations using
Eq. (3) with the 3D Richardson-Dushman injection model
for J5p(V, T) (dashed lines); and model D, an analytical
solution [11] of Eq. (3) assuming constant p., calculated
using a fixed V' =V} in the Richardson-Dushman injec-
tion model for J3p(V, T) (dash-dotted lines). It is found
that, for 2D/3D contacts, the classic Richardson-Dushman
injection model significantly underestimates the contact
resistance and overestimates the contact current density.
We also find that, as ¥} increases, the analytical solutions
[11] of the TLM in Eq. (3) with constant p. calculated
using V=V, in the charge-injection model, which is
almost always used in the literature [9,14,15], becomes
less reliable; our proposed self-consistent model may be
used to obtain a more accurate evaluation of such contacts.
This aspect is particularly important in the development of
industrial-grade field-effect transistors based on 2D semi-
conductors. According to the International Roadmap of
Devices and Systems (IRDS) [37], the required industry-
standard bias voltage is 0.65 V and 0.60 V for the years
2021 and 2030, respectively. At these bias-voltage values,
we find that both the analytical model with both constant p..
and the Richardson-Dushman thermionic injection model
severely underestimate the contact resistance by at least

FIG. 5. Contact resistance R. for MoS,/Ag contacts as a func-
tion of contact length L for different applied biases Vy=(a)
0.1 V, (b) 03V, (c) 0.60V, and (d) 0.65 V. The two bias
voltages in (c) and (d) are the required industry standards
according to the International Roadmap of Devices and Sys-
tems [37] for the years 2030 and 2021, respectively. The solid
lines are for self-consistent calculations of model A, the dot-
ted lines for model B, the dashed lines for model C, and
the dash-dotted lines for model D. See text for details. Here,
7 = 0.1 ps, Rsn1 (MoS,) = 30000 /0], Rgn(Ag) = 3.18 /L1,
er =0.249 eV, &z = 0.212 eV, and T = 300 K.

75% (model B), 30% (model C), and 83% (model D) when
compared with our self-consistent model combined with
the 2D thermionic charge-injection theory (model A), over
a wide range of contact lengths L from 20 to 100 nm.
Density-functional theory (DFT) has been extensively
employed to understand the interfacial contact physics
in 2D-material-based heterostructure devices [5—7]. Based
on DFT simulation results for a MoS; /metal heterostruc-
ture [38], we calculate the bias dependence of the con-
tact resistance of a MoS,/M interface [Fig. 6(a)], where
M = Ag, Au, Ni. It is found that the contact resistance
R, is almost independent of the bias voltage Vy for Vy <
0.05 V in all three cases. However, for Vy > 0.05V, R,
decreases sharply with increasing Vy. This is because the
thermionic-emission-dependent specific contact resistivity
p. decreases nonlinearly with the bias voltage for such
contacts. Further, we perform DFT calculations for var-
ious graphene-based 2D/2D electrical contacts using the
Vienna ab initio simulation package (VASP). The projector-
augmented wave method is used to describe the elec-
tron interaction. The exchange and correlation potentials
are treated using the Perdew-Burke-Ernzerhof generalized
gradient approximation. All the lattice mismatches are
smaller than 1% in our calculations. The calculated inter-
facial Schottky barrier height, Fermi level, and interlayer
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FIG. 6. R, as a function of applied voltage V, for differ-
ent (a) 2D/3D and (b) graphene (Gr)-based 2D/2D Schottky
contacts. BP, black phosphorus. In (a), Rg(Au) = 4.4 /0],
R (Ag) = 3.18 /00, and Ry, (Ni) = 13.8 Q/0J; the values of
er and @ for the three contacts are taken from Ref. [38]. The
solid lines are for self-consistent calculations of model A, the
dotted lines for model B, the dashed lines for model C, and
the dash-dotted lines for model D. See text for details. In (b),
T =0.1ps, Ruw(Gr)=156.25Q/0, Ry (InSe) = 6.25 kQ/],
Rgi1 (MoS;) = 62.5 kQ2/01, Rg,(BP) = 6.25 k2 /0], Ry (WS;) =
12.860 k2 /00, and vy = 1.1 x 10° m/s; the values of e and ®p
for the four contacts are taken from Table I.

separation of the 2D/2D heterostructures are summarized
in Table 1. Based on the DFT simulated heterostruc-
ture parameters in Table I, the self-consistent model is
employed to calculate the resistance of graphene-based
2D/2D electrical contacts. Figure 6(b) suggests that a 2D
semiconductor with a higher sheet conductivity produces a
lower contact resistance when contacted by graphene.

Next, we compare our self-consistent model with exist-
ing experimental work (Figs. 7 and 8) for various 2D
carrier densities n, temperatures, and MoS,-metal inter-
faces. With suitable values of V}, and 7, the results from our
self-consistent model are in excellent agreement with the
experimental data. Figure 7 shows that for a given temper-
ature 7, the contact resistance R, decreases with increasing
n, as has been reported previously [9,14,15]. It is evident
that the calculations based on our self-consistent model
provide a much better fit to the experimental data for 2D-
material-metal electrical contacts than models based on the
3D Richardson-Dushman injection law.

Figure 8 shows a comparison of our self-consistent
model with experimental results for R, as a function of

TABLE I. Material parameters of graphene-based 2D/2D elec-
trical contacts calculated using DFT simulation.
MoS,/Gr WS,/Gr InSe/Gr BP/Gr
Dp (eV) 0.621 0911 0.058 0.643
er (eV) 0.608 0.502 0.671 0.1335
d(A) 3.37 3.36 3.46 3.55

(a) MoS,/Au (b)

100 |- i
CR r ]
3 C ]
S ¥ ]
& - :

1 ] Lo v v
0 2 4 6 0 2 1 6
n (1012 cm™?%) n (1012 cm~3?)
FIG. 7. R, as a function of 2D carrier density » at differ-

ent temperatures for (a) MoS,/Au contacts and (b) MoS,/In
contacts. The cross symbols are from experiments [15,9,14],
the solid lines are from our self-consistent model using Egs.
(1) +3), model A, and the dashed lines are from Eq. (3) with
the Richardson-Dushman injection model, model C. In the cal-
culation, we use Rg,(Au) = 2.2 /00, Ry,(In) = 8.37 /7, and
o =20cm?V!'S7! for MoS,/Au contacts [14], and po =
170 cm? V=1 S~! for MoS,/In contacts [9]. The parameters e =
0.077 eV [38], 0.6 eV [9], and 0.5 eV, &5 = 0.763 eV [38],
0.3eV [9],0.15eV [14], and T = 0.1, 0.15, and 0.1 ps are used
to fit the experimental results in Refs. [15,9,14], respectively.
In the different cases shown, from top to bottom, input voltages
Vo =0.731,0.7,0.1 Vare used in (a) and V) = 0.271,0.17 V are
used in (b). L = 500 nm [14] is assumed in all cases.

the temperature 7 for different values of n, for MoS,/metal
contacts. In all cases, our self-consistent calculation based
on model A (solid lines) provides a much better fit to the
experimental data (symbols) than do the existing models
[14] (dashed lines). The three red lines in Fig. 8(a), with
input voltages Vy = 0.635, 0.64, and 0.645 V from top to
bottom, show that the increasing (ohmic characteristic) or
decreasing (Schottky characteristic) trend of R. with tem-
perature depends very sensitively on the input voltage ¥y
applied to the contact, which is also evident in Fig. 3. This
voltage dependence of the contact resistance has not been
emphasized and is generally missing in previous work
[9,14,15]. Our model suggests that the input voltage must
be specified in order to give a meaningful characteriza-
tion of the contact resistance for a given 2D-material-metal
contact.

Further, we model the effect of interface roughness in a
2D/3D electrical contact by including a SBH fluctuation
term, i.e., ®p — Pp + AdDp, where Adp is calculated
by assuming that the SBH fluctuations follow a Gaussian
distribution. The fluctuations of the SBH, injection cur-
rent, and contact resistivity are shown in Figs. 9(a), 9(b),
and 9(c), respectively. As shown in Fig. 9(d), the vari-
ation in the SBH has a dramatic effect on the contact
resistance. In general, R, is reduced significantly in the
presence of roughness. This reduction is particularly effec-
tive for MoS,/Au contacts with a large SBH (e.g., 0.3 eV).
Such a roughness-induced contact-resistance reduction is

064021-5



SNEHA BANERIJEE et al.

PHYS. REV. APPLIED 13, 064021 (2020)

b
n=43 x 1012 cm? ‘ 3( )

T T 3]
Mos,/Au E

7 ]
Mos,/Ni

n=3.6x10% cm™?

F 4.3x10% cm™2
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FIG. 8. R, as a function of temperature 7 with (a) an increas-
ing trend, and (b) a decreasing trend, for MoS,/metal contacts
with different values of n. The cross symbols are from exper-
iments [14], the solid lines are from our self-consistent model
A, and the dashed lines are taken from the model calculations
in Ref. [14]. In the calculation, we use Rg,(Au) =2.2 Q/01
and Ry, (Ni) = 13.8 /0. The parameters e = 0.588 eV, ®p =
0.633 eV [38]ander = 0.5 eV, &5 = 0.150 eV [14] are used for
MoS,/Ni and MoS;/Au contacts, respectively. In (a), for the three
solid red lines, from top to bottom, ¥y = 0.635,0.64,0.645 V,
respectively, all with T = 0.45 ps; for the green solid line, V =
0.165V and 7 =0.7ps. In (b), Vp=0.13,0.141 V and 7 =
0.1, 0.2 ps for the blue and purple solid lines, respectively. Values
of sty = 20 cm? V—' S7! [14] and L = 500 nm [14] are assumed
in all cases.

reminiscent of the previously reported mobility enhance-
ment in 2D TMDs due to the presence of a crested rough
substrate [21]. Thus, the findings in Fig. 9(d) suggest
that roughness not only improves the mobility but also
decreases the contact resistance with a 3D metal. A reduc-
tion of the contact resistance with interface roughness is
also achieved in 1D electrical contacts, i.e., when both
contact members [see Figs. 1(b) and 1(c)] have constant
voltages applied uniformly across the contact region (not
shown).

The reduction in contact resistance due to fluctuations
of the interface resistance can be easily understood from
general circuit theory. Consider a rough resistive interface
between two conductors. Because of fluctuations of the
conductivity along the interface, there will be local regions
of highly conductive spots, whose resistance can be much
smaller than that of a uniform interface. Such a resistive
interface may be considered as a set of equivalent ele-
mentary resistors connected in parallel along the interface
between the two contacting members; the total resistance
of this interface is Ry = 1/[(1/Ry) + (1/Ry) + ...+
(1/Rn)] ~ {Ri}minimum,» Which is determined by the small-
est resistor in the parallel connection, i.e., the equivalent
resistor at a highly conductive spot. As a result, this leads
to a reduced overall interface resistance compared with
a uniform interface. Note that the interface “roughness”
represents the variation or fluctuations in the conductiv-
ity over the interface (e.g., induced by doping, SBH, etc.)
and needs not be a physical roughness. Similar benefits of
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FIG. 9. (a) Roughness of Schottky barrier height @z, (b)

resulting current density J.(x), and (c) specific contact resistiv-
ity p.(x) across the contact interface for a monolayer-MoS,/Au
2D/3D contact for different values of standard deviation (SD). (d)
Contact resistance R, as a function of surface roughness (stan-
dard deviation/®p) for different mean values of ®z. Here, the
applied voltage Vy = 0.1 V, and the contact length L = 50 nm.

surface roughness are found in the form of a decrease in
the contact resistance in organic transistors [18] and an
increase in the mobility of charge carriers in organic and
2D transistors [18,21].

IV. CONCLUSIONS

In summary, a self-consistent transmission-line model
to quantify and model the current distribution and contact
resistance in 2D-material-based contacts is constructed and
validated against existing experimental work. It is found
that interface roughness can significantly reduce the resis-
tance of 2D/3D electrical contacts. Our findings provide
a theoretical foundation for the modeling of 2D/2D and
3D/2D electrical contacts and, further, reveal a possible
route towards efficient electrical contacts to 2D materials
through roughness engineering.
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