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Abstract

Highly conductive nanoscale electrical contacts suffer from strong current crowding at the
contact edges, which can lead to nonuniform heat deposition, formation of local hotspots,
aggravation of electromigration, and in the worst scenario, lead to thermal runaway and breakdown
of the device. These effects severely affect the overall device properties, reliability, and lifetime.
Devices based on thin film junctions, nanotubes or nanowires, and two-dimensional (2D) materials
are especially sensitive to the current transport at electrical contacts, due to their reduced
dimensions and increased geometrical confinement for the current flow. Here, we demonstrate a
method to mitigate current crowding, by engineering the interface layer properties and geometry.
Based on a self-consistent transmission line model, we show that the distribution of the contact
current greatly depends on the properties of the interfacial layer between two contacting members.
Current steering and redistribution can be realized by strategically designing the specific contact
resistivity p. along the contact length. For similar contact members, parabolically varying p, along
the contact interface significantly reduces the edge current crowding in ohmic contacts. Similarly,
the nonuniform current distribution of 2D-semiconductor/3D-metal contacts can be decreased and
the current transfer length can be increased by varying the Schottky barrier height along the
interface. It is also found that introducing a nanometer or sub-nanometer scale thin insulating
tunneling gap between contact members can greatly reduce current crowding while maintaining
similar total contact resistance.

l. Introduction

Engineering electrical contacts to achieve desired interface current transport is crucial for
next generation electronics [1,2]. Current crowding and contact resistance are the two main
limiting factors for the development of nanocircuits based on thin films, nanotubes or nanowires,
and 2D materials [3] [4] [5-9]. In particular, current crowding [4,10-17], where the distribution
of the current density becomes highly inhomogeneous at the contact area, severely affects the
device properties, reliability, and lifetime [8,18]. It leads to localized overheating which may
cause the formation of thermal hotspots [19-21], thermal runaway [22], and the acceleration of



electromigration process [10,23-26]. In the long term, these effects may eventually result in
failure of the chip. In recent times, these electro-thermal effects have become one of the most
critical concerns of very large scale integration (VLSI) circuit designers because of the growing
demands for high switching speed and high packing density [27-32]. In miniaturized electronic
circuits, current crowding effects are more severe and cause greater on-chip power density [33],
which makes power dissipation one of the critical issues in the electronics industry today [34,35].
Current crowding is also responsible for 1/f noise generation and third harmonic distortion in
semiconductor devices [36]. Devices based on low dimensional nanostructures suffer from the
adverse effects of inhomogeneous current distribution at the contact area. Many experiments have
provided clear evidence of current crowding in field effect transistors (FET) based on 2D materials,
such as, black phosphorus [18], MoS, [37], graphene [38,39] etc. The current transport in 2D-
semiconductor/3D-metal contacts has been found to be concentrated at the front
edge [8,18,37,40], which causes localized Joule heating, contact noise [38], device
malfunctioning and failure [18].

Several efforts have been made to reduce the current crowding and improve the current
transport in electrical contacts by making the proper choice for electrode thickness [41], doping,
electrode material and its geometry [42] [43,44], optimizing the current spreading layer [45] and
the gate bias voltage [18]. State-of-art methods to overcome current crowding also include
reducing the injection barrier at the contact interface with thin interlayers, or inserting additional
control contacts to increase charge injection [46]. The existing studies give no hint on the variation
of current along the contact length and the importance of interface layer engineering to diminish
the current crowding effects. The crowding is especially strong for contacts with low specific
contact resistivity [47] [13,14]. Increasing specific contact resistivity tends to reduce current
crowding; however, it increases the total contact resistance that may lead to increased Joule heating
and degradation of the contact. Because of this tradeoff, it is particularly challenging to design
electrical interfaces to reduce current crowding without decreasing the total current in the circuit,
or suffering unacceptably high voltages.

Our previous studies [12,14] showed that current and voltage distribution along the contact
length greatly depend on the interfacial layer properties and geometry. In this paper, we
demonstrate how to precisely customize their profiles along the contact length by interface
engineering. We characterize ohmic, Schottky [40,48] and tunneling type [14,49-51] electrical
contacts. Our goal is to maximize the control over electrical contact operation and heat distribution
by strategically varying the specific contact resistivity p. along the contact length. We use
modified two-dimensional transmission line model (TLM) [12,14], where p. depends upon the
local voltage drop and contact current density. The spatial variation of p. may be achieved by
varying the doping, thickness, or shape of the contact layer, or by introducing impurities, such as,
resistive contaminants, oxides, or foreign objects along the interface. Electrical properties of the
engineered interfaces are investigated for various input voltage, contact dimension and geometry,
and material properties. Solving the TLM equations self-consistently, we find spatial profiles of



p. that can reduce current crowding, increase current transfer length, improve current transport,
steer and redistribute current in the contact area. Most importantly, we find that the severe current
crowding in highly conductive ohmic contacts can be eliminated by introducing a thin tunneling
layer between the contact members. If the tunneling layer is sufficiently thin and the contact length
is large, the change in the total contact resistance is found to be insignificant.

The methods used here can be applied to characterize various contact geometries shown in
Fig. 1. Controlled current and voltage distribution can be achieved via engineered spatially varying
contact layer properties and geometry (Fig. 1) [2]. Note that, the transmission-line model, in
general, underestimates the extent of the current crowding, which may be more accurately
accounted for by the field solution approaches [13,18,47]. However, such simplified models have
been used successfully to capture the basic scaling and physics for the characterization of
mesoscale and nanoscale electrical contacts [11,12,14,15,52,53]. In this paper, we analyze
nanoscale copper (Cu) thin film contacts and Gold-MoS, contacts as examples. The concepts,
approaches, and results should be important to the design of any circuits where electrical contacts
are of concern, such as semiconductor devices [15,54], integrated circuits [55], low-dimensional
materials based electronics [1,5,37,56], nanoscale devices [57-61], cathodes and emitters [30,62—
67] and all solid-state batteries [68].

Figure 1. Electrical contact between contact member 1 and 2 for different electrode geometry.
(a) Electrical contact with uniform contact interface, (b) electrical contact with a spatially
varying engineered interfacial layer, which is used to control the voltage and current distribution.



I1. The Model
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Figure 2. Electrical contact between two contacting members in (a) Cartesian, (b) circular
geometry. (c), (d) its corresponding transmission line model. In (a) and (b), a thin interface layer
(ohmic, Schottky, or tunneling type) is sandwiched between the two contacting members. The
thicknesses of thin film 1 and 2 are t, and t,, respectively.

The formulation is based on the modified transmission line model (TLM) for
Cartesian [14] and circular [12] contact structures, coupled with the improved thermionic
emission current injection model for 2D materials [40,48] (for 2D/3D Schottky contacts), or the
self-consistent quantum model for one-dimensional MIM junctions [51,69] (for tunneling type
contacts). Note that, the TLM here is not related to the transmission line measurement or transfer
length measurement (also abbreviated as TLM) used to determine the contact resistance in
transistors [15]. As shown in Fig. 2, the sheet resistance of the two contacting members is Ry,
and Ry, respectively. The spatially dependent specific interfacial resistivity (also termed specific
contact resistivity) is p.(x) and p.(r) for the Cartesian and circular contacts, respectively. The
goal is to engineer a spatial profile of p.(x) or p.(r) in order to suppress current crowding. While
the modified TLMs have been presented before [12,14], the governing equations are given below
for completeness.

For Cartesian electrical contacts in Fig. 2a, its TLM in Fig. 2c gives [14],

onx) _ oVi(x) _  Li(¥)Rsp1 9L(x) _ 0Vz(x) _  L(X)Rsh2
ax W]C(x)' ax w ' oax W]C(x)' ax w ! (1)

where I ,(x) represents the current flowing at x through the lower or upper contact member
respectively, and V; ,(x) is the local voltage at x along the lower or upper contact member,
respectively, and w is the effective transverse dimension of the contacts, J.(x) = V,;(x)/p.(x)
and V,(x) = V;(x) — V,(x) are the local current density and the local voltage drop across the



contact interface at x, respectively. Note that, from Eq. (1) I;(x) + I,(x) = I;,; = constant,
where I, is the total current in the circuit, to be determined from the boundary conditions,

Viix=0)=V,Lx&=0=0,Lx=L)=0,V,(x=L)=0, (2

where we assume the voltage of the upper contact member at x = L is 0, and the externally applied
voltage at x = 0 of the lower contact member is V,,. Note that I, (x = 0) = I,,;, and I,(x = 0) =
0. For the contact model in Fig. 2(b), the contact resistance is defined as,
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For circular (ring) electrical contacts shown in Fig. 2b with its TLM in Fig. 2d, we

have [12],
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where I ,(r) represents the current flowing at r along the radial direction of thin films 1 and 2,
respectively, and Vy ,(r) is the local voltage at r along the radial direction of thin films 1 and 2,
respectively. J.(r) = V;(r)/p.(r) and V() = V,(r) — V() are the local current density and
the local voltage drop across the contact interface at r, respectively. From Eq. 4, I, (r) + L,(r) =
I;,: = constant, where I, is the total current in the circuit to be determined from the following
boundary conditions,

Vilr=1)=V, L(r=r)=0, Lr=7)=0VF=r)=0, ()
where we assume the voltage of the upper contact member at r = r; is 0 and the external voltage
V, is applied at r = 7, to the lower contact member, 7, is the outer radius of thin film 2 and r; is
the inner radius of both the films. Note that I, (r = 1) = Lo, L(r = 17) = Lo, and Iy =

f:_" 2nr J.(r) dr. For the contact model in Fig. 1(c), the contact resistance is defined as,

RC — V]_(T'O)—Vz(ri) —_ & (6)
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For ohmic contacts, p.(x) and p.(r) can be prescribed. For 2D-semiconductor/3D-metal
Schottky contacts, the local contact current density J.(x) or J.(r) is calculated from the 2D
thermionic emission model [40,48] and for metal-insulator-metal (MIM) tunneling type contacts,
it is calculated from the one-dimensional MIM guantum tunneling model including space charge
effects [51,69]. p.(x) and p.(r) are then determined from these contact current densities by p. =



V;/]c. The coupled equations are solved self-consistently, with more detailed descriptions in
Refs. [14] [12].

We first characterize both Cartesian and circular ohmic contacts with varying p. along
contact length or radius, respectively. We find varying p.(x) parabolically and p.(r) linearly can
effectively reduce the current crowding effects in planar and circular ohmic contacts, respectively.
Next, we analyze the 2D-semiconductor/3D-metal contacts to increase the current transfer length
by varying the Schottky barrier height (SBH) along the contact length L. Finally, we introduce a
thin tunneling layer between the highly conductive contact members to reduce current crowding,
without increasing the total contact resistance significantly.

1. Result and Discussion

We analyze Cartesian ohmic contacts in Fig. 3 and circular ohmic contacts in Fig. 4. The
input voltage V, = 0.6 V is the required industry standards according to the International Roadmap
of Devices and Systems (IRDS) [70] for year 2030, which is given to contact member 1, at x = 0
for the planar structure and at » = r, for the circular structure. Upper contact members at x = L
(Fig. 2a, 2b) and r = r; (Fig. 2c, 2d) are grounded for the two structures under study. Thickness
of both the contact members are assumed to be same, t; = t, = 10 nm. The spatial or radial
variation of p. can be realized by varying the doping or thickness or geometry of the contact layer,
or by introducing impurities, such as, resistive contaminants, oxides, or foreign objects along the
interface [14,71-75]. In Figure 3, we explore the reduction of the severe current crowding (c.f.
Fig. 3a, black dotted line) at the highly conductive planar (or Cartesian) Cu-Cu ohmic contacts by
varying the interfacial layer resistivity parabolically along the contact length. For our calculations,

2
we assume p.(x) = 18 x 10710 (B (ZL—x — 1) + 0.01) Q cm? with the minimum at half of the

contact length, where B is a constant. The sheet resistance of copper (Cu) is Ry, =
18 Q/o [12,76], where the unit of the sheet resistance /0 means “ohm per square” [13,15,52].
Contact length L = 100 nm, and the width (transverse dimension) of the contact members w =
10 nm. Figure 3a shows that the profile of contact current density /.(x) strongly depends on B.
The profiles of /. (x) can be explained by simple current transport theory in a circuit, where electric
current flows through the least resistive path. When B is increased, the inhomogeneity of the
contact current distribution decreases. At around B = 0.2, the interfacial current becomes almost
uniform along the contact length. The total contact resistance R, as a function of B is plotted in
Fig. 3b for different contact lengths. For all the contact lengths plotted here, R, increases only
slightly with B, e.g. for L = 100 nm, R, is increased at most by 50% within the range of B. Hence,
evidently, it is possible to eliminate current crowding effects and achieve uniform contact current
distribution without sacrificing the total current in the circuit. In practical circuit design and
fabrication where it might be difficult to control the shape of a parabola, one can use a step
variation by just making the edges of a contact interface (of planar, similar contact members) more
resistive than the rest of the contact area (see Appendix A). The approach used here to minimize



the current crowding effects can be extended to contacts with different electrode thickness,
material, and geometry.
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Figure 3. Engineered ohmic contact in Cartesian geometry (Fig. 2a) with specific contact
2
resistivity p.(x) = 18 x 10710 (B (ZL—x — 1) + 0.01) Q cm?. (a) Contact current density J.(x)

along the contact length for different values of B; (b) contact resistance as a function of B for
different contact length L. The input voltages V,, = 0.6 V is the required industry standards
according to the International Roadmap of Devices and Systems (IRDS) [70] for year 2030. The
thickness of both Cu contact members are 10 nm, with a resistivity of 18 uQQ cm [76], which
gives sheet resistance Ry, = Ry, = 18 Q /0. Contact length L = 100 nm, and the width
(transverse dimension) of the contact members w = 10 nm.
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Figure 4. Ohmic contacts in circular geometry (Fig. 2b) with linearly varying specific contact
resistivity. (a) Contact current density /. along the contact length for different values of linear
constant A. (b) Contact resistance as a function of A for different sheet resistance ratio R, .
Here, we use p,(r) = 18 x 1071°(1 + Ar/r,) Q cm?. In () Ry, = Renz/Rsp1 = 1. The input
voltage V,, = 0.6V is the required industry standards according to the International Roadmap of
Devices and Systems (IRDS) [70] for year 2030. The contact member 1 is assumed to be copper
(Cu) with sheet resistance Ry, = 18 Q/[] [12,76], outer radius of the upper contact member
1, = 100 nm, and the inner radius of both the contact members r;, = 1 nm.

In Fig. 4, we investigate the current transport for circular ohmic contacts with linearly
varying specific contact resistivity along the contact radius. Note that linearly varying specific
contact resistivity is found to strongly modify the current density profile for planar contacts [14].
Here, we assume radially varying p.(r) = 18 x 1071°(1 + Ar/r,) Q cm?, outer radius of the
upper contact member (Fig. 2b) r, = 100 nm, and the inner radius of both the contact members
r; = 1 nm. A is a linearization constant. The contact member 1 is assumed to be copper (Cu) with
sheet resistance Ry,; = 18 Q/[] [12,76].

As shown in Fig. 4a, linear variation of p.(r) can reduce the current crowding effects for
circular contacts. In particular, current crowding at the inner edge reduces significantly when A is
positive. Figure 4b shows that for circular contacts R, increases with A rapidly for Ry, < 1 and
remains almost constant when R, > Rgj;. Therefore, one can get a desired interfacial current
distribution profile without altering the overall contact resistance considerably. Hence, engineering
the spatially varying interfacial contact resistivity can provide strategic thermal management of
the integrated circuits and systems.
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Figure 5. Engineered Schottky contacts in Cartesian geometry. (a) Schottky barrier height
¢ (x), (b) the corresponding contact current density /.(x) along the contact length for MoS, —
Au contacts for different values of b, and (c) contact resistance as a function of b for different
input voltage V,. Dashed lines are for MoS, — Au contacts with uniform ¢z = 0.763 eV [77].
The Fermi level ez = 0.077 eV [77], and carrier injection time T = 0.1 ps. The bias voltage
V, = 0.65 in (b) is the required industry standards according to the International Roadmap of
Devices and Systems (IRDS) [70] for year 2021. Here, Rg,; (MoS,) = 59171.6 Q/0O,

Ry (Au) =2.2Q/0,L =500nmand T = 300 K.

Current crowding is an unavoidable consequence of geometrical confinement and resistivity
mismatch at the 2D-semiconductor/3D-metal Schottky junctions, where the current transport
between the semiconductor and the metal contact is concentrated at the front edge of the
contact [38] [8,18,36,37,39,40]. In Fig. 5, we study the engineering of such contacts by spatially
varying the Schottky barrier height (SBH). We use the one-dimensional (1D) thermionic emission
equation for 2D materials [40,48], coupled with the TLM equations, Egs. (1) and (2) [14] to
analyze such 2D/3D contacts. For 2D transition metal dichalcogenide (TMDC), such as atomically-

Zed>BOkBT (1
+
nTh2v§

thin MoSz, the thermionic emission is governed by J,(V,,T)=

:)LT) exp (— %) where &5, = ¢ + &5 is the intrinsic Schottky barrier height (SBH), &g IS
BO B

the Fermi level, ¢ is the SBH, the Fermi velocity vy = 1.1 x 10¢ m/s for MoS:, and 7 ~
(0.1 ~ 10) ps is the carrier injection time determined experimentally [78]. The local contact

current density at any position x along the contact length is, /.(V;, T) = Jin (¥, T) [exp (%) - 1].
B

We assume that the SBH is a function of x, ¢5 (x) = 0.4(x/L)? — b(x/L) + 0.8 eV,
where b is a constant, as shown in Fig. 5a. The injection current density at the contact interface for
different values of b is shown in Fig. 5b. Note that, one can also use a simpler function of ¢ along
x to mitigate current crowding (see Appendix A). It is found that the current crowding for uniform

9



SBH (c. f. black dashed line in Fig. 5) can be reduced considerably by choosing the value of b
(e.g. Fig. 5b, b = 0.8). The bias voltage V, = 0.65 V is the required industry standards according
to the International Roadmap of Devices and Systems (IRDS) [70] for year 2021. Figure 5¢ shows
the contact resistance as a function of b for different input voltage V,,. Dashed lines are for MoS, —
Au contacts with uniform ¢z = 0.763 eV along the contact [77]. We see that the total contact
resistance depends strongly on the parameter b and the input voltage V. The difference in contact
resistance for engineered and uniform SBH is large for low bias voltages but becomes smaller for
high bias voltages, for the chosen specific case here. Since the thermionic charge injection current
for 2D materials sensitively depends on both the bias voltage and temperature [40,48,79], the
engineered SBH profile requires a more detailed characterization for practical implementation.
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Figure 6. Tunneling type electrical contacts. (a) Contact current density /.(x), and (b) specific
contact resistivity p.(x) along the contact length for Cartesian tunneling contacts. Solid lines are
for self-consistent numerical calculations using Egs. (1) and (2), and MIM quantum tunneling
formulations [51,69], for different values of gap distance D and work function of contact
members . Sheet resistance of both the contact members is assumed to be Ry, = Ry =
18 £2/0. Dashed lines are calculated analytically with constant p, calculated using V, = V,, in the
1D MIM tunneling model. Black dotted lines are for an ohmic contact with p, =
1.8 x 107110 cm?, analytically calculated from the TLM equations. R, is the total contact
resistance.

Next, we investigate the reduction of current crowding for a highly conductive
(p,~10711Q cm?) ohmic contacts by tunneling engineering. We introduce a thin insulating layer
of uniform thickness along the contact length between the contact members. Current transport in
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the contact region is no longer ohmic and is governed by the quantum tunneling phenomenon [49-
51,69]. We solve Egs. (1) and (2) along with the metal-insulator-metal tunneling junction
equation [51,69]. The local contact current density /.(x) at any location x from contact member
1 to contact member 2 is calculated based on the coupled 1D Schrédinger-Poisson solutions in the
MIM junction [51,69]. Our quantum model of the junction includes emissions from both cathode
(contacting member 2) and anode (contacting member 1), the effects of image charge
potential [51], space charge, and exchange correlation potentials [80]. For given values of the
work function of the two contact members W, ,, electron affinity X, thickness D, and relative
permittivity €, of the insulator layer, the local contact current density /.(x) can be calculated from
this 1D quantum model for an input of the contact voltage drop V() at any location x [51,69].
The calculation of this J.(x)- V, (x) relation is coupled with TLM, Egs. (1), (2), and is solved self-
consistently.

We consider nanometer and sub-nanometer scale tunneling layers in Fig. 6 and Fig. 7,
respectively. The current fabrication technology can manufacture nodes as small as 3 nm [81,82].
The International Roadmap of Devices and Systems (IRDS) [70] predicts that 1.0 nm nodes may
be implemented tentatively within few years, and the scale is expected to go down even further, in
sub-nanometers. Noting the table in Figure 6a, we show our calculations for both “thin” insulating
gaps at 1nm, suitable for future deployment, and “thick” gaps at 3nm, which would be suitable for
near-term testing of this concept as a proof-of-principle experiment for advanced contacts.

Figure 6 shows the contact current density J.(x), and the specific contact resistivity p.(x)
along the contact length for Cartesian contacts. For these calculations, the contact length is
assumed to be 100 nm. Width and thickness of both the contact members are 10 nm. Solid lines
are for self-consistent numerical calculations for the tunneling type contacts, using Egs. (1), (2),
and MIM quantum tunneling formulations [51,69], for different values of gap distance (insulator
layer thickness) D and work function of contact members W. Dashed lines are for analytical
calculations (See Eq. (8) of Ref. [14]) of tunneling contacts with constant p, obtained using V, =
V, in the 1D MIM tunneling model. Sheet resistance of both the contact members is assumed to
be Ry,1 = Ry = 18 Q/0. We solved two cases, i) for D = 1 nm and W, = W, = 2 eV, and ii)
for D =3 nm and W; = W, = 0.6 eV. The interfacial layer is assumed to be vacuum (relative
permittivity €, = 1.0 and electron affinity X = 0 eV). Black dotted lines are for an ohmic contact,
calculated from Eq. (8) of Ref. [14] with specific contact resistivity p, = 1.8 x 10711Q cm?,
and sheet resistance ratio Ry, /Rsn2 = 1. We used 0.6 V as the input voltage, which is the required
industry standards according to the International Roadmap of Devices and Systems (IRDS) [70]
for year 2030. Additionally, we hope that this article can spur testing of the concept in the near
term at 3nm, as this will allow further development of the technology as additional manufacturing
capability described in the IRDS comes on-line.

It is clear that the interfacial current is much more evenly distributed for the contacts with
a tunneling layer. The current crowding decreases significantly when the gap distance between
two contact members is increased. The specific contact resistivity p.(x) along the contact length,
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plotted in Figs. 6b, is about at most 2 orders of magnitude higher for tunneling contacts for the two
cases considered. However, the total contact resistance, shown in the table in Fig. 6a, is still within
the same order of the ohmic contact. This is because the total current in the circuit (i.e. area under
the curves in Fig. 6a) does not decrease significantly.

Similar calculations are done for Cu-vacuum-Cu contacts in Fig. 7 with a smaller gap
distance (in sub-nanometer). The work function of Cu thin films is W, = W, = 4.56 eV [76]. For
these calculations, the thickness of both Cu contact members are 10 nm, with a resistivity of
18 ulcm [76], which gives sheet resistance Rg,; = Rgpy = 18 Q/0. Contact length L =
100 nm, and width w = 10 nm, The interfacial layer is assumed to be vacuum (relative
permittivity €, = 1.0 and electron affinity X = 0 eV).
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Figure 7. Tunneling type electrical contacts. (a) Contact current density J.(x), and (b) specific
contact resistivity p.(x) along the contact length for Cartesian Cu-vacuum-Cu tunneling
contacts. Solid lines are for self-consistent numerical calculations using Egs. (1) and (2), and
MIM quantum tunneling formulations [51,69], for different values of gap distance D. Dashed
lines are calculated analytically with constant p. calculated using V; = V, in the 1D MIM
tunneling model. Black dotted lines are for an ohmic contact with p, = 1.8 x 1071102 cm?,
analytically calculated from the TLM equations.

Figure 7 shows similar trends to those in Fig. 6. The current crowding decreases
significantly when D increases. Although, p.(x) (Fig. 7b) is orders of magnitude higher for
tunneling contacts, the total contact resistance, plotted in Fig. 8a (crossed symbols) is still within
the same order of the ohmic contact. Therefore, compared to a perfect ohmic contact with very
small p.(x), tunneling type contacts with ultrathin insulator layer may help to achieve better
contact current distribution and thermal management. Note that if the gap distance is increased for
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contacting members with high work function, then the junction will become highly resistive and
the total current transport will be reduced severely.

0.5 T T T T T T T T T T T I T T T T I T T T T I T T T T
E L = 100 nm @ 1 |,k Vo = 0.6V, IRDS 2030 | (b) |
0.4 J— T : D=0.5nm
£ D =0.5nm ] T
I AN 1 S
203 F ‘o 1
N C -
O -+ 4
At . 1
0.2
0'1 _z} ............. I~ A
E ! 1 \\||||—0.01I\IIII\IIIJ[III\IIL
0.3 06 09 12 18 3 20 40 60 80 100
Vo (V) L (nm)

Figure 8. Contact resistance as a function of (a) input voltage V,, and (b) contact length L for
Cartesian Cu-vacuum-Cu tunneling contacts. Solid lines are self-consistent numerical
calculations using Egs. (1), (2), and MIM guantum tunneling formulations [51,69], for different
values of gap distance D. Dashed lines are calculated analytically with constant p. calculated
using V, =V, in the 1D MIM tunneling model. Black dotted lines are for an ohmic contact with
p. = 1.8 x 107110 ¢m?, analytically calculated the TLM equations. Crossed points in (a) are
for the four cases shown in Fig. 7.

Figure 8 shows the tunneling contact resistance as functions of input voltage V,, and contact
length L. For low voltages, the difference between the contact resistance for the ohmic contact and
the corresponding tunneling contact is prominent. However, as voltage increases, the difference
becomes smaller, which is caused by the saturation of the tunneling current in metal-insulator-
metal due to space-charge effects [51,69]. As shown in Fig. 8b, as contact length increases, the
increase of total contact resistance due to the tunneling layer becomes smaller. Thus, our proposed
method reducing current crowding with a tunneling layer would become more effective for longer
electrical contacts.

IV.  Proposal for a Proof-of-principle Experiment

In formulating our approach, we have tried to maintain a connection to the art-of-the-possible
in manufacturing. As noted above, enhanced performance via current spreading in the tunneling type
contacts with acceptable contact resistance can be achieved for structures that are sufficiently thin,
typically less than one nm. Industry road maps suggest that this is possible in the 2030s time frame
by plasma etching techniques. Additionally, we note that atomic layer deposition (ALD), while far
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less common than plasma processing, can produce atomically thin structures now. We understand
the challenge in determining the cost-benefit analysis on the performance and lifetime of an
advanced contact at the current point in time where it is just outside the art of the possible (etching)
or requires a process that is exotic (ALD). We anticipate that for certain applications that require
high currents and ruggedized physical performance, as might be needed in national security and
defense applications, there may be value in developing and deploying ALD to make these kinds of
contacts today. More likely, however, it will be necessary to first experimentally verify and validate
these engineered contacts, and develop uncertainty quantification of the performance of the contact
in a variety of applications to better assess this cost-benefit tradeoff. To that end, we propose a proof-
of-principle (POP) experiment in this article based on existing 3nm plasma etching manufacturing.
It is not our intention to suggest that this “thick” contact will be appropriate for fielding, but rather
will allow the benefits and drawback of the experimental performance of this technology to be
accurately assessed. In our reading of the literature, we note that while our POP experiment might
have twice the contact resistance of a standard ohmic contact, it is still low enough to provide
experimental data for characterization, especially when compared to the contact resistance seen in
thin films and two-dimensional material interfaces. Specialty fabrication facilities, such as Metal
Oxide Semiconductor Implementation Service (MOSIS) [83], would allow for the designs in this
paper to be tested in application specific integrated circuits (ASICs) that relatively modest cost.
Furthermore, the recent announcement of 2nm chip technology by IBM [84] will make the 10s nm
variation along a contact interface feasible, where our proposed scheme can be implemented.

V. Summary

In summary, we have proposed methods to effectively control current distribution and
contact resistance in nanoscale electrical contacts. We have used the two dimensional
TLM [12,14] for ohmic contacts, and TLM coupled with the thermionic injection model [40,48]
for Schottky contacts and the quantum self-consistent model [51,69] for tunneling type contacts.
Our study shows that severe current crowding in highly conductive electrical contacts can be
effectively reduced by spatially varying the contact layer properties and geometry, or by
introducing a thin (nanometer or sub-nanometer scale) insulator layer between the contacting
members. This theoretical study also provides insights for strategic current steering and
redistribution at the contact interface, which can aid in better thermal management of the overall
circuit. The local heating induced effects, such as thermal hotspots [19] and aggravation of
electromigration [23], can be mitigated by manipulating the specific contact resistivity along the
contact length.

It is worthwhile to note that the effects of the transverse dimension, possible charge
trapping inside the contact layer, reactive elements and their effects on the time-dependent
dynamics are ignored in the present study. Moreover, the transmission line model [14] cannot
fully capture the current crowding and the fringing fields near the contact corners [13,18,52]. In
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future, field solution methods [13,52,85] may be used to have more accurate evaluation of these
effects as well as the impact of finite thickness of the contact members and the interfacial layer.

Finally, we argue for a near-term demonstration of these engineered contacts in ASIC chips
with relatively thick gaps (~3nm). This experimental testing can be achieved in the near term,
without waiting for the inventible advanced in manufacturing that would allow the full benefits of
the tunneling contact to be realized.
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APPENDIX A: Contact engineering with step variations in interfacial layer

In Fig. 3 of the main text, we showed that the severe current crowding in highly conductive
ohmic contacts with similar contact members can be eliminated by varying the specific contact
resistivity p. parabolically. Similarly, in Fig. 5, we showed that the non-uniformity of the current
distribution at a 2D semiconductor and 3D metal interface can be reduced if the Schottky barrier
height (SBH) is varied as a quadratic function along the contact length.

Here we would like to point out that the specific contact resistivity or the Schottky barrier
height (SBH) need not necessarily be a smooth parabola, or a quadratic function, or some other
complex function. The strong current crowding effect along the contact interface can be mitigated
with simpler variations of p,. along x, which may be more easily implemented in practice. We
provide additional calculations that show current crowding can also be reduced by varying the p,
as a simple step function along x. The recent announcement of 2nm chip technology by IBM [84]
will make the 10s nm variation along a contact interface feasible, where our proposed scheme can
be implemented.

Since the current crowds the most at the two edges of planar parallel electrical contacts
with similar contact members, we make p,. at the two edges larger than that of the center in Figs.
9(a) and 9(c). This can be done by either varying the geometry of the contact members (i.e. making
the interface layer thicker at the edges), or by introducing oxides or contaminants at the edges. The
corresponding current density profiles are shown in Figs. 9(b) and 9(d), respectively. The black
dotted lines are for non-engineered contacts, with uniform p.. We see that the current crowding at
the two edges is reduced significantly (note the log scale used) for the engineered contacts.
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Figure 9. Engineered ohmic contact in Cartesian geometry. (a),(c) step varying specific contact
resistivity p.(x) and (b),(d) the corresponding contact current density J.(x) along the contact
length. The input voltage V,, = 0.6 V is the required industry standards according to the
International Roadmap of Devices and Systems (IRDS) for year 2030 [70]. The thickness of both
Cu contact members are 10 nm, with a resistivity of 18 uQ cm, which gives sheet resistance
R¢p1 = Rgpp = 18 /0. Contact length L = 100 nm, and the width (transverse dimension) of
the contact members w = 10 nm.
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For 2D semiconductor and 3D metal interface, the current crowds at the leading edge
because of the resistivity mismatch between the two contact members. For MoS, — Au contacts in
Fig. 10(a), we vary the SBH along x as a step function, increasing it at the leading edge and
decreasing elsewhere. Figure 10(b) shows the corresponding contact current densities /.. The black
dotted lines are for uniform SBH. We see that, although the profiles are not smooth nor uniform,
the current crowding at the leading edge (x = 0) is reduced significantly. The total contact
resistance R, is almost unchanged.

Note that, the sharp transitions of the contact current density in Figs. 9(b), 9(d) and 10(b)
are due to the assumed abrupt changes in the specific contact resistivity at those regions. In
practical fabrication, the step functions are typically gradually varying, which will smoothen the
sharp peaks in J..
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Figure 10. Engineered Schottky contacts in Cartesian geometry. (a) Step varying Schottky
barrier height ¢z (x), and (b) the corresponding contact current density /.(x) along the contact
length for MoS, — Au contacts. Corresponding contact resistance are mentioned in (b). The black
dotted lines are for MoS, — Au contacts with uniform ¢z = 0.763 eV. The Fermi level e, =
0.077 eV, carrier injection time T = 0.1 ps, and the bias voltage V, = 0.65 V. Here,
Rgp1(Mo0S,) = 59171.6 /0, Ry, (Au) = 2.2 Q/0, L = 500 nm,w = 10 nmand T = 300 K.
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