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A Two Dimensional Tunneling
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for Nanoscale Parallel Electrical
Contacts

Sneha Banerjee?, John Luginsland'? & Peng Zhang!

Contact resistance and current crowding are important to nanoscale electrical contacts. In this paper,
we present a self-consistent model to characterize partially overlapped parallel contacts with varying
specific contact resistivity along the contact length. For parallel tunneling contacts formed between
contacting members separated by a thin insulating gap, we examine the local voltage-dependent
variation of potential barrier height and tunneling current along the contact length, by solving the
lumped circuit transmission line model (TLM) equations coupled with the tunneling current self
consistently. The current and voltage distribution along the parallel tunneling contacts and their overall
contact resistance are analyzed in detail, for various input voltage, electrical contact dimension, and
material properties (i.e. work function, sheet resistance of the contact members, and permittivity of
the insulating layer). It is found the existing one-dimensional (1D) tunneling junction models become
less reliable when the tunneling layer thickness becomes smaller or the applied voltage becomes larger.
In these regimes, the proposed self-consistent model may provide a more accurate evaluation of the
parallel tunneling contacts. For the special case of constant ohmic specific contact resistivity along the
contact length, our theory has been spot-checked with finite element method (FEM) based numerical
simulations. This work provides insights on the design, and potential engineering, of nanoscale
electrical contacts with controlled current distribution and contact resistance via engineered spatially
varying contact layer properties and geometry.

Nanoscale electrical contacts have attracted substantial attention due to the advancements in nanotechnology,
material sciences and growing demands for miniaturization of electronic devices and high packing density.
Contact resistance and their electro-thermal effects have become one of the most critical concerns of very large
scale integration (VLSI) circuit designers, because of the excessive amount of Joule heating being deposited at
the contact region!-°. The electrical contact properties have been extensively studied in metal-semiconductor’=?,
metal-insulator-semiconductor and metal-insulator-metal'®-"? junctions. The growing popularity of novel elec-
tronic circuits based on graphene, carbon nanotubes (CNTs) and other new materials has made contact engi-
neering crucial. CNT based devices, in particular, experience significant challenges because of the inter-tube
connections. On macroscopic level, the exceptional intrinsic electrical properties'*!> of CN'Ts become elusive®!41¢,
Contact resistances between CNTs profoundly affect the electron transport and reduce the electrical conductivity
of carbon nanofiber (CNF)'*-"7, and greatly limit the performance of CNT thin film based Field Effect Transistors
(FETs)™-2!. One can naturally expect these issues also arising from other novel two-dimensional materials (boron
nitride, molybedenum sulfide, black phosphorus, etc) as well as new nano-composites. While the work presented
here is generalizable to these other material systems, here we choose carbon materials as examples.

Tunneling type of electrical contacts'"**~?° are commonly found for CNT-CNT!62226-30 CNT-Metal*!-*
and CNT-graphene®*?* contacts, where the contacting members are separated by very thin insulating layers.
Tunneling effects in contact junctions significantly lower the electrical conductivity of the CN'T/polymer com-
posite thin films?. It is also found that tunneling resistance plays a dominant role in the electrical conductivity of
CNT-based polymeric or ceramic composites®’.
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Figure 1. A parallel, partially overlapped electric contact. The contacts are formed between (a) nanotube or
nanowire 1 and 2, and (b) thin film 1 and 2; (c) side view of the contact; (d) its transmission line model. In (a-c)
a thin resistive interface layer (or a tunneling layer of permittivity ,) is sandwiched between the two contacting
members.

For decades, the basic models of tunneling current between electrodes separated by thin insulating films have
been those of Simmons**-*¢ in 1960s. Simmon's formula have since been used for evaluating tunneling current in
tunneling junctions?*?**. Though there have been attempts to extend Simmons’ models to the field emission and
space-charge-limited regimes'"®4, it is always assumed that the tunneling junctions are one-dimensional (1D),
i.e. there is no variations on the voltages drops along the length of the tunneling junction and the insulating film
thickness is uniform. Thus, these existing models of tunneling junctions give no hint on the variation of tunneling
current along the contact length and the importance of current crowding near the contact area when the two con-
tacting members are partially overlapping (cf. Fig. 1). On the other hand, the widely used transmission line mod-
els (TLM) for electrical contacts typically assume the contact resistivity of the interface layers are constant!'*#>-#,
It is questionable to apply these models to study the tunneling contacts, as the tunneling resistance depends on
the junction voltage that varies spatially along the contact length.

In this paper, we propose a two-dimensional (2D) transmission line model for partially overlapped paral-
lel contacts with spatially varying specific contact resistivity. Spatial dependence of specific contact resistivity
of the contact interface may be introduced by many factors, such as nonuniform distribution of the resistive
contaminants, oxides, or foreign objects at the contact interface, formation of contact interfaces with spatially
varying thickness, or the presence of tunneling contacts between contact members. In the latter case, because
of the nonlinear current-voltage characteristics of the tunneling junctions!*, the specific resistivity along the
contact length will become spatially dependent, even for a tunneling layer with uniform thickness (Fig. 1). For the
tunneling-type contacts, the model considers the variation of potential barrier height and tunneling current along
the contact length, by solving the TLM equations coupled with the tunneling current self consistently. We provide
comprehensive analysis of the effects of contact geometry (i.e. dimension of the contact, and distance between
the contact electrodes), and material properties (i.e. work function, sheet resistance of the contact members, and
permittivity of the insulating layer) on the spatial distributions of currents and voltages across these contacts, and
the overall contact resistance of parallel contacts.

The formulation of our 2D contact resistance TLM model is given in the next section. We would like to point
out that, albeit an application of the standard transmission line theory based on the Kirchhoft's laws, the TLM
has been used extensively with great success to characterize mesoscale and nanoscale electrical contacts!®304243,
Here we further extend the TLM model with the effects of spatially dependent contact resistivity. In the results
and Discussion section, we consider three cases of parallel contacts: (1) constant specific contact resistivity, (2)
linearly varying specific contact resistivity, and (3) tunneling contact resistivity depending on local junction volt-
ages along the contact length. The first case of uniform specific contact resistivity along the contact length has
been verified with COMSOL* 2D simulations. For the last case, for simplicity, we use the Simmons’ model*-3
to determine the local current-voltage characteristics across the tunneling junction. Though full scale quantum
mechanical calculations may have to be used to accurately evaluate the nanoscale circuits, our model based on
Simmons formula reveals the fundamental scalings and parametric dependence of current and voltage profiles,
as well as electric contact resistance of tunneling contacts. Summary and suggestions for future research are given
in the last section.

Note that, although this paper is focused on the normal Schrodinger tunneling type electrical contacts, the
proposed TLM with spatially varying contact resistivity can be used for many other types of electric contacts,
such as nanoscale Schottky contacts based on 2D materials heterostructure**”, and Klein tunneling junctions*.

Formulation

Consider a parallel contact formed between two nanowires or nanotubes or between two conducting thin films
or layers, as shown in Fig. 1(a,b), respectively. The distance between the two contact members is D, and the
contact length is L. A thin resistive interface layer is sandwiched between them. Both contacts in Fig. 1(a,b)
can be described by a two-dimensional (2D) model, as shown in Fig. 1(c). Note that the proposed formulation
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is generally applicable to parallel Cartesian nanojunctions with different shape of the electrodes, for example,
electrical contact between a nanowire and a thin film. In the 2D model, the effects of the transverse dimension
(perpendicular to the paper) can be included in the effective sheet resistances Ry,; and Ry, for conductor 1 and 2,
respectively, such that there is no variation along the width w in the transverse dimension. The spatial dependent
specific interfacial resistivity (also termed specific contact resistivity) is p (x), which is either predefined, or cal-
culated from the local tunneling current in case of insulating tunneling layer**-*. We use the DC equivalent lump
circuit transmission line model (TLM)'%#>-#, as shown in Fig. 1(d), to model the 2D parallel contact in Fig. 1(c).

In the contact region PQNM in Fig. 1(c,d), using Kirchoft's laws for current and voltage, we get the following
equations,

Vilx) — Vy(x) Ax w

L(x) — L(x + Ax) =
px) (1a)

Vi(x) — Vi(x + Ax) = L(x) Ry, Ax/w, (1b)

Lix + Ax) — L) = A = 00D 5\
a(x) (1c)

Vi(x) — Vo(x + Ax) = L(x) Ry, Ax/w, (1d)

where I,(x) and I,(x) represent the current flowing at x through the lower contact member, MN and the upper
contact member, PQ respectively, and V;(x) and V,(x) the local voltage at x along MN and PQ, respectively, and w
is the effective transverse dimension of the contacts. When Ax — 0, Equation (1) becomes,

oL(x) _

Tor (a)
Vx) _  L(x)Ry,

Ox wo (2b)

OL(x)

Tox M (o)

oVy(x) _IZ(JC)RS,12

Ox wo (2d)
where 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 Eqs (2a) and (2¢), I;(x) + I,(x) = I,,,= constant, where I,,, is the total current in the circuit, to
be determined from the boundary conditions. The boundary conditions for Eq. (2) are,

Vilx = 0) = V,, (32)
L(x=0)=0, (3b)
I(x=1L1)=0, (3¢)
Vy(x = L) =0, (3d)

where, without loss of generality, we assume the voltage of the upper contact member at x=L is 0, and the exter-
nally applied voltage at x =0 of the lower contact member is V,. Note that I,(x=0) =1I,,,. From Eqs (2) and (3), it
is easy to sholel(x =0) = =L, Ry /w, Vll(x =1)=0, VZ,(x =0)= 0, Vz/(x = L) =—1I,,Ry,/w, wherea prime
denotes a derivative with respect to x. For the contact model in Fig. 1(d), the contact resistance is defined as,

_ VO -V _ Y

Itot Itat (4)

It is convenient to introduce non-dimensional quantities, X = x/L, g(%) = p(x)/p» Ry, = Ryp/Ryys

L(®x) = L(x)/1,, (%) = L)/, J(%) = J()LW/L, V(%) = W)V, (X) = V(x)/V,, V(%) = V,(x)/V,, and

R, = R./R,y, where we define I,=wV,/Ry, L, p,y= VywL/I,, and R, = Rg,;L/w. In normalized forms, Eq. (2) can
be recast into the following second order differential equations,

R

c

ox? (5a)
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’vE
ox: (1 + Ryp)) (%), o

__ L) | 0p) oT(x)
a(x) o ox — (14 Ry, I(x) + aRy, =0, -

where (%) = Vg(f )/p(%), and \7g(97 ) = [(x) — V4(x). The corresponding boundary conditions to Eq. 5(a—c) are
respectively,

ViE=0)=1V,(x=0) = —aand (X = 1) = V,(x = 1), (6a)
V' (x=0)=—a, V' (X=1)=aR,, (6b)
(=0 =a L(x=1 =0, (6¢)

where the unknown constant a =1,,,/1, is the normalized total current in the circuit, and prime denotes a deriva-
tive with respect to X. Note that integrating Eq. (5b) subject to Eq. (6b) gives f J(x)dx = «, which means that
the total current is conserved across the contact interface.

Equations (5) and (6) are solved to give the voltage and current distribution along and across the contact inter-
face as well as the total contact resistance, for a given electrical contact (Fig. 1) with spatially dependent interface
specific contact resistivity 7(x). An example of the procedure to solve Egs (5) and (6) numerically is as follows.
For an initially guess on «, Eq (5b) is solved using the shooting method, subject to Eq. (6b). Next, Eq. (5a) is
solved with the initial values of ¥}(0) and VI(O) from Eq. (6a). It is then checked whether V(1) is equal toV, (1) as
in Eq. (6a). The above-mentioned process repeats for different input ¢ until the condition V(1) = (1) 1s satis-
fied. Finally, Eq. (5¢) is solved to get T, (and T,).

In principle, Eqs (5) and (6) can be solved numerically for arbitrary spatial dependence of specific contact
resistivity 7(¥). Here, we focus on a few special cases of practical importance. We first consider the case of con-
stant 77, where analytical solutions can be obtained, which also serve to validate our numerical approach. We then
consider the effects of spatially dependent 7 (x) on the parallel electrical contacts. We focus on two situations:
linearly varying specific contact resistivity along x, and thin tunneling junction with uniform thickness, where
analytical solutions to the TLM current and voltage equations are no longer available, and Eqs (5) and (6) are
solved numerically.

Results and Discussion
Case 1: Constant specific contact resistivity p.along the contact length L. For the special case
of constant specific contact resistivity p,, the TLM equations, Eqs (5) and (6), can be solved analytically to give,

L(x) = [smh q(1 — %) + Ry,(sinh q — sinh gx)],

(72)
L(x) = % [sinhq(x — 1) + Ry, sinhgx + sinhq], (7b)
- 2 -

L(x) = % [coshgq(l — X) + Ry, cosh gx], (70)

_ 1 ~ _ _ .
Vi(®) = E[ coshq(l — %) + Ry,M + Ry,q(1 — X)sinhq], (7d)
V(%) = V(%) — pl(%), (7e)

R = (14 Ry, )coshq + Ry,(2 + gsinh q)
‘ (1 + Ryp)gsinhgq (8)

whereq =L _

Y c
Figure 2 shows the current and voltage distributions along the contact length and across the contact interface

for various specific contact resistivity 7, for a parallel contact formed between similar contact members,
Ry, = Ry,/Ry,; = 1. The voltage along both contact members ¥, and V, decrease with X, as shown in Fig. 2(b,c),
respectively. The current I, in contact member 1 decreases w1th x (Fig. 2(e)), whereas T, in contact member 2
increases with x (Fig. 2(f)), with the total current T,(¥) + T,(¥) being kept a constant along ¥. The profiles of both
normalized voltage drop Vg(f )and current density Z(x) across the interface layer, are symmetric along the contact

THRao K = (1 + Fshzz)coshq + Ry,(2 4+ gsinhg)and M = coshqx + 1 + R, coshgq.
n
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Figure 2. Voltage and current profiles along similar parallel contacts with uniform contact resistivity.

(a) Voltage drop across the contact interface V (x) voltage along (b) contact member 1 (MN), (%), (c) contact
member 2 (PQ), V;(¥), (d) current density across the contact interface J.(¥), current along (e) contact member 1,
I(x), and (f) contact member 2, I,(X),for different values of specific contact resistivity o8 for Ry, =Ryy/Ry = 1.

All the quantities are in their normalized forms defined in the Formulation section.

length, with the minimum at the center of the contact structure ¥ = 0.5 and the maximum at the contact edges, as
shown in Fig. 2(a,d), respectively. The current crowding effects near the contact edges are well-known phenom-
ena’>*, as the current density is distributed to follow the least resistive path (i.e. minimum overall resistance). It
is important to note that as the specific contact resistivity 7 decreases, the interface current density J, becomes
more crowded towards the contact edges, as shown in Fig. 2(d). In other words, the less resistive the contact inter-
face layer, the more severe of the current crowding effects, which is in agreement with previous studies using both
TLM*>* and field theory'®>>°.

Figure 3 shows the current and voltage distributions along the contact length and across the contact interface
for various parallel contacts formed between dissimilar materials, R ;,, = Ry,,/ Ry, with fixed specific contact resis-
tivity 77 = 1. The voltage 'V{ , and the current I, , along the two contact members show similar behaviors as those
in Fig. 2. However, the voltage drop across the interface layer V (X) and the contact current density J(X) are no
longer symmetric, as shown in Fig. 3(a,d), respectively. When R, < 1, the maximum of V(%) and J.(X) occurs at
X =0; when Ry, > 1, the maximum of V/, (%) and J.(%) occurs at X = 1. This current crowdglng effect can again be
explained by the fact that current flows are self- arranged to take the least resistive path in the circuit by adjusting
the current distribution according to the local resistance.

The normalized contact resistance, R, calculated from Eq. (8) is plotted in Fig. 4 for various a and R, It is
clear that R, increases with both 7 and Ry;,. In general, the contact resistance R, depends more strongly on the
the specific contact resistivity of the interfacial layer 7 than on the sheet resistance ratio of the contact members
Rg;,. For the special case of R, =0, Eq. (8) becomes,

cothq
q )
withg = L/A, =1/ ﬁ which is also plotted in Fig. 4. Note that Eq. (9) is identical to the expression typically
used for metal-semiconductor contact!®*,
To verify the results obtained from our analytical solution, we performed numerical simulations using the
COMSOL multiphysics software*, for various combinations of R, and g on the geometry shown in Fig. 1(c).
The finite-element-method (FEM) based COMSOL 2D simulation results are included in Fig. 4 (cross symbols),

showing excellent agreement with our theory. The convergence iteration error in the simulation was less than 10~°
for each point.

R —

c

Case 2: Specific resistivity p. varies linearly along the contact length L. We assume the specific
resistivity varies linearly along the contact length (Fig. 1) as 5(¥) = 1 + AX. By solving Eqs (5) and (6) numeri-
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Figure 3. Voltage and current profiles along dissimilar parallel contacts with uniform contact resistivity.

(a) Voltage drop across the contact interface V7 (x) voltage along (b) contact member 1 (MN), V;(¥), and (c) contact

member 2 (PQ), V;(%¥), (d) current density across the contact interface J(X), current along (e) contact member 1,
T,(%), and (f) contact member 2, T,(%), for different values of R;,, = Ry,,/ Ry, for a=1 All the quantities are in

their normalized forms defined in the Formulation section.
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Figure 4. Normalized contact resistance R_ of the parallel contact (Fig. 1). R, as a function of (a) normalized
specific contact resistivity, 7 and (b) normallzed sheet resistance of contacting member 2, R ;,,. Dashed lines are
for Eq. (9), the limiting case > of Ry, — 0. The cross symbols are from COMSOL* 2D simulations. In the
simulation, the length and height of both upper and lower contacting members are assumed to be 20 nm and

10 nm respectively, and the thickness of the resistive 1nterfac1a1 layer is assumed to be 0.5 nm; the resistivities of
the upper and lower contact members are in the range of 10~° Qm—10"" Qm, and the resistivity of the interface
layer is in the range of 10~ Qm-10"" Qm.

cally, we obtain the current and voltage distributions along the contact interface, as shown in Fig. 5. As A
increases, the overall contact interface becomes more resistive, therefore, the voltage drop V, (x) across the inter-
face layer increases (Fig. 5a), whereas the current density J.(X) across the interface layer decreases in general
(Fig. 5d). The maximum V, occurs at the contact edge with the highest specific resistivity 7 (i.e., at X =0 when A
< 0,and at ¥ =1 when A > 0), while the maximum interface current J; occurs at the contact edge with the lowest
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Figure 5. Voltage and current profiles along similar parallel contacts with linearly varying contact resistivity.
() Voltage drop across the contact interface V_ (%), voltage along (b) contact member 1 (MN), V|(%), and (c)
contact member 2 (PQ), (%), (d) current density across the contact interface J.(X), current along (e) contact
member 1, T,(X), and (f) contact member 2, T,(%), for linear specific contact resistivity a(x) =1 + Ax with
different linear constant A, for R;,, = R,,/Ry,; = 1. All the quantities are in their normalized forms defined in
Sec. II.

15

10

Figure 6. Normalized contact resistance R_ of the parallel contact (Fig. 1) with linear specific contact resistivity
7(%) = 1 + AX, for various value of Ry, = Ryn/Rypy-

7 (i.e,at ¥ =1when A <0, and at X =0 when A > 0). The effects of A on the voltage V[ , and the current T, ,
along the two contact members are also shown in Fig. 5(b,c,e,f), respectively.

The normalized contact resistance, R, calculated from Eq. (4) for linear specific contact resistivity
i (x) = l + Ax is plotted in Fig. 6. As A incrﬁases, E increases, since the contact interface becomes more resis-
tive. As R;,, increases, the contact resistance R, depends more strongly on the linear constant A.

Case 3: Tunneling contact resistance. Here, we assume the parallel contacts are formed through a tun-
neling interface layer between the two contact members. For simplicity, we have made the following assumptions:
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(1) the thickness of interfacial insulating film in the contact area is uniform, and (2) the insulating film is suffi-
ciently thin (in the nano- or subnano-meter scale) so that charge trappings are ignored*>2,

For dissimilar contact members, the (normalized) current density at any location along the contact from con-
tact member 1 to contact member 2 is calculated using Simmons’ formula®,

T®) = Blge "9V — (g, + V(x)) e AN

g

(10)

where Vg( %) = Vi(%) — V;(x)is the local voltage drop across the contact interface at X, A = 1.025./eV, [eV] D[A],
L2[pm] Ry, [©2/0]

B =615 DA and Ay = 3, — . Definitions of @, 7 and , for forward bias (when lower work function
contacting member is given positive bias) are given below, 3, = @, — (V, (%) + A¢)yl +7 _ L15X ln< ):2((11 - flz ),
=% \A0-7

where Ag = @, — ¢, 7, = A, 7, = -2 p=W;—xand p,=W,—x. W, and Wz are the work functions of
contacting member 1 and 2 respectlvely, Y is the electron affinity of the insulating layer, which is 0 for vacuum.

— 12X o 9.2% — 122X
For Vg(x) % P = B = + % and for V(x) > Py =
=5 here X 2.49

T 3p, 14X — 2(V,®) + Ap) ?,
yz = (Vg(f)+A¢ er[A]eVO[eV].
On the other hand, the definitions of &, 7 and 7 for reverse bias (when higher work function contacting
member is given positive bias) are, 3, = @, + (Ap — V(x))}"”2 _ 11sA 1n<y2( )) foro < V(%) < Ap,

I e

— 9.2X 12X 12X %2 A — 12X
y1:33‘+4i—(7g(2)—_A¢)7;—7(;:)’ =1 fm; for A<p5<6XVg(x)§992’ ¥ = .
h= % 3?%@)%@ +ypandfor V(x) > 7, = 7, Py = j?ﬁA@'

For the special case of the same materlal for contact members 1and 2%, in Eq. (10), 5, = @, — V, (X )yl T
;lfj; ln(?:: :?)), where g, = %, ¢,=W — x, W is the work function of contacting member 1 and 2,
)721 ll'i)‘,l}_zz : — #}ﬂ/x) +7 forV(;?) < By and)—/Z = V:?A forV(x) > @,- Note that we use

Simmon's formula, Eq. (10) here for simplicity, which is reliable only when the barrier heightis relative high and
the gap voltage is low in the direct tunneling regime!!. More accurate results for the tunneling current may be
calculated using quantum models by solving the coupled Schrodinger equation and Poisson equation with the
inclusion of space charge and exchange-correlation effects'"*.

We keep the normalization consistent with our previous calculations in the Formulation section. For a given
parallel tunneling contact (Fig. 1), the inputs of our model are the applied voltage V, sheet resistance (Ry,;, Ry,,)
and work function (W,, W,) of contacting members 1 and 2, permittivity (,), thickness (D), and electron affinity
(x) of the interfacial insulator layer, and the contact length L. Using Eq. (10), the specific contact resistivity is
obtained from p_C(JT) = Vg(f)/TC(f), which is inserted into the TLM equations, Eqs (5) and (6), to give a
self-consistent solution to the voltage and current profiles, as well as the contact resistance for the parallel tunne-
ling contact.

We consider CNT-vacuum-CNT parallel contact as an example. Both contact members are made of the same
single-walled CNTs. Using the typical value of linear resistivity of single-walled CNT p; =20 kQ/pm>>**, and
diameter (or the width w) of 3nm, an equivalent sheet resistance for both CNT contact members are estimated as
Ry = Ry = p, w = 60 /0], where the unit of the sheet resistance (/] means “ohm per square”'**>*. The
work function of CNTs is W, = W, = 4.5eV**. The interfacial layer is assumed to be vacuum (relative permittivity
€,= 1.0, and electron affinity x = 0). The voltage drop V,(x) across and the tunneling current density J(x) through
the contact interface are shown in Fig. 7 for various contact length L, vacuum gap distance D, and applied voltage
V4. The profiles of both V,(x) and J.(x) are symmetric about the center of the contact, as expected for similar con-
tact members (similar to Fig. 2a,d above). As the contact length L increases, the local voltage drop V,(x) across the
contact interface decreases, so does the tunnehng current density J(x), as shown in Fig. 7a,b. However, the total

current in the contact structure, I, , = f J.(x)dx increases with L, since the total contact resistance of the tunne-
ling junction decreases as the contact length increases (cf. Fig. 8a below). As shown in Fig. 7c,d, when the gap
distance D increases, the voltage drop V,(x) increases, but the current density ].(x) decreases, which is because the
tunneling junction becomes more resistive11’36. Figure 7e,f shows both voltage drop V,(x) and current density J (x)
increase when the applied voltage V, increases. More importantly, both V,(x) and J(x) exhibit a stronger spatial
dependence as V, increases. This strong voltage dependence of electrical properties of the tunneling junction is in
sharp contrast with those of ohmic contacts, where the shape of the profiles of Vi(x) and ].(x), and the total con-
tact resistance are independent of the applied voltage, and the current density scales linearly with the voltage drop,
as discussed in Cases 1 and 2 above.

Also plotted in Fig. 7 are the analytical results from Eq. (7), by assuming constant tunneling contact resistiv-
ity across the contact length L (i.e. the typically assumed one-dimensional tunneling junction®*), by (a), setting
V,= V, and using Eq. (10) (dashed lines) and (b), using ohmic approximations for the tunneling junction, in the
limit of V,— 0 (dotted lines)***’. In the latter case, the tunneling current density is a linear function of V,.

L&) = B.[Ge "Y1 7 (3), v, — 0, (11)
where B = 315.60 WM A and Ay are the same as for Eq. (10). 3 is calculated from the same

D[A]Ay

expression for Eq. (10) by setting V,=0. 7= 1“, y=1- S S +7 for forward bias;

?, 2 3P, +41 —2Ap

SCIENTIFIC REPORTS |

(2019) 9:14484 | https://doi.org/10.1038/s41598-019-50934-2


https://doi.org/10.1038/s41598-019-50934-2

www.nature.com/scientificreports/

Jc(x) [A/cm?]

1 1 I I I 4 T T T
T Ko.[‘_(].f.fk...,._...:
098 o060 1 | ~--m-=--7 .
3+ 3 —
0.96 (e)
2 v 2 M
0.94
5 1 g
002f = NN | A ree—————"
0 9 1 1 1 1
) 0 T ? 40 50
X108 xX(nm
— T I l_ 10 8 T
== 30 50 == 70
.............. ==/ nm]=90
== L[nm] 4 sl D[nm]=0.5 I e
B - IRy T T e - - T
L d Vo[V] = 4
6 d 0
(d) ot f)‘:
4r 0.55 7 _ -
0.60 2F —
| O 2
0.65 1
1 1 0 1 ] 1 1 o | 1 1 1
30 60 90 0 10 20 30 40 50 O 10 20 30 40 50
x[nm] x[nm] x[nm]

Figure 7. Similar material CNT-vacuum-CNT parallel tunneling contacts. (a) Voltage drop across the contact
interface V,(x), and (b) tunneling current density across the contact interface ] (x) for different contact length
L, with fixed V, =1V, and D=0.5nm; (c) V,(x) and (d) /.(x) for different D, with fixed V,=1V and L =50 nm;
(€) Viy(x) and (f) J(x) for different applied voltage V, with fixed D= 0.55nm, and L =50nm. All the material
properties are specified in the main text. Solid lines are for self-consistent numerical calculations using Eqs 5,
6 and 10, dashed and dotted lines are for analytical calculations from Eq. 7, with p, calculated using V,= V, in
Eq. 10 and using ohmic approximations for the tunneling junction, Eq. 11, in the limit of Vi, — 0, respectively.

y, = m — % p=1-== X for reverse bias; and ¥, = i ) =1 == X for similar contacting
members. X, AP, P, 7y, Py have the same definition as in Eq. (10). Itis found that both assumptions of constant
contact resistivity are not sufficiently reliable, especially when the tunneling thickness D decreases or the applied
voltage V, increases. As the tunneling junction resistance becomes nonlinear in these cases, it is necessary to use
the coupled TLM equations, Eqs (5) and (6), and the localized tunneling equation, Eq. (10), to provide more
accurate predictions.

The total contact resistance R, of the CNT-vacuum-CNT parallel contact is shown in Fig. 8, as functions of
contact length L, vacuum gap distance D, and applied voltage V. The total contact resistance R, increases very
rapidly with increasing insulating layer thickness, D, and decreases with contact length, L. For the low applied
voltage regime (V,, < 0.3 V), R, is almost independent of V,, as shown in Fig. 8c,d. When the applied voltage V,, >
0.3V, R, decreases sharply with V. This is because the junction is no longer ohmic and the tunneling resistivity p.
decreases nonlinearly with the junction voltage, as a function of position along the contact length. Ohmic approx-
imations (Eqs 8, 11) fail to give accurate results in the latter case and it is necessary to use the self-consistent
numerical model. As L increases, the dependence of contact resistance on L becomes less significant. Similar pro-
files of contact resistance with L were observed in other experimental and theoretical works!'®?2314244 The contact
resistance lies between 5 kQ) to 10 MQ for the cases shown in Fig. 8, which agrees with previously reported experi-
mental and theoretical works?*?%*. The existing 1D models give an inaccurate estimation of the contact resistance
because they do not consider the variation of tunneling current density along the contact length.

Next, we extend our calculations for contacts of CNT with different metals - calcium (Ca), aluminum (Al),
copper (Cu) and gold (Au). The work functions of Ca, Al, Cu and Au are taken as 2.9, 4.08, 4.7 and 5.1 €V respec-
tively®®. The work functions and dimensions of the CNT are kept same as before. In addition, the dimensions of
the CNT and contacting-metal-2 are assumed to be same (width of 3 nm, thickness of 3nm) for the simplicity of
calculations. The resistivity of Ca, Al, Cu and Au are known to be 3.36 x 1078 Qm, 2.7 x 1078 Qm, 1.68 x 1074 Qm
and 2.2 X 1078 Qm respectively*®’.
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Figure 8. The total contact resistance R, of the CNT-vacuum-CNT parallel contact. Contact resistance is
plotted as a function of (a) contact length, L, for different insulating layer thickness, D, (b) D, for different L,

for a fixed applied voltage, V,=1V; (c,d) applied voltage V, for different L and D respectively, in CNT-vacuum-
CNT contacts. Solid lines are for self-consistent numerical calculations using Eqs 5, 6 and 10, dashed and dotted
lines are for analytical calculations from Eq. 8, with p, calculated using V,= V; in Eq. 10 and using ohmic
approximations for the tunneling junction, Eq. 11, in the limit of V,— 0, respectively.

Figure 9 shows the effects of the work function of contacting member 2 (W,) and the permittivity of the thin
insulating layer (¢,), on the current and voltage characteristics in CNT-insulator-metal contacts. As the two con-
tact members are different, the voltage drop V,(x) and the tunneling current density J(x) are no longer symmetric
along the contact length L. Figure 9(a,b) show that the voltage drop increases and the tunneling current density
decreases with increasing W,. Figure 9(c,d) show that the voltage drop increases and the tunneling current den-
sity reduces significantly when the relative permittivity of the insulating layer increases from 1 to 3.9. Analytical
solutions obtained by assuming constant tunneling resistivity along the contact length are also included, similar
to the previous cases of Fig. 7. In general, for the chosen value of D= 0.5 nm, the ohmic approximations using
Eq. 11 do not yield accurate results. The constant tunneling resistivity approximation using Eq. 10 by setting
V,=V, could be a good approximation for the self-consistent TLM model (Egs 5, 6 and 10), for tunneling layers
with higher permittivity €,.

Figure 10 shows the contact resistance (in ) for various contact metals and tunneling films for CNT-insulator-metal
contacts. Contact resistance increases with insulating layer thickness D, insulating layer permittivity &, and work func-
tion of contacting member W,. It decreases with contact length L, as in the similar contacts in Fig. 8. The potential bar-
rier in the insulating layer increases with the increase of work function of the contact metal, resulting in lower tunneling
current and higher contact resistance.

Summary

In this paper, we proposed a self-consistent model to characterize partially overlapped parallel contacts. Our
model considers the spatial variation of contact resistivity along the contact structure. We solved the TLM equa-
tions for three cases: (1) constant specific contact resistivity, (2) linearly varying specific contact resistivity, and
(3) spatial dependent specific contact resistivity along the contact length due to current tunneling. The analyt-
ical solutions for the first case have been verified with FEM based numerical simulations. Our study provides a
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Figure 9. Dissimilar material CNT-insulator-metal parallel tunneling contacts. (a) Voltage drop across the
interfacial insulating layer V,(x), and (b) tunneling current density J(x), in CNT-insulator-Metal contacts, for
fixed D=0.5nm, L=>50nm, V,=1V and different contacting metals (Ca, Al, Cu, Au). (c) V,(x), and (d) J.(x),
in CNT-insulator-Al contacts, for different insulating layer permittivity ¢,, with fixed D=0.5nm, L =50nm,
V,=3V. Solid lines are for self-consistent numerical calculations using Eqs 5, 6 and 10, dashed and dotted
lines are for analytical calculations from Eq. 7, with p, calculated using V,= V; in Eq. 10 and using ohmic
approximations for the tunneling junction, Eq. 11, in the limit of V,— 0, respectively.

thorough understanding of the contact tunneling resistance, current and voltage distributions across nano and
sub-nano scale metal-insulator-metal (MIM) junctions in parallel electrical contacts. The effects of contact geom-
etry (i.e. dimension of the contact, and distance between the contact electrodes), and material properties (i.e.
work function, sheet resistance of the contact members, and permittivity of the insulating layer) on the spatial
distributions of currents and voltages across these contacts, and the overall contact resistance are studied in detail.
While predominately classical in nature, the inclusion of tunneling current starts to address quantum effects in
these small scale objects.

It is found that in general the ohmic approximation of tunneling junctions (Eq. 11) is not reliable for predict-
ing the contact resistance of parallel tunneling contacts. The one-dimensional (1D) tunneling junction models
(Eq. 10 with constant voltage across the whole junction) are good approximations of the parallel contacts only
when the thickness D or the permittivity ¢, of the tunneling film is relatively large, or the applied voltage across
the contact V, is relatively small. When the 1D models become unreliable for small D or ¢,, or large V, the
self-consistent TLM equations coupled with the tunneling current (Eqs 5, 6 and 10) need to be used to accurately
characterize the parallel tunneling contacts.

The parallel tunneling contact in this work may be considered as the basic building block to better understand
the macroscopic electrical conductivity of CNT fibers, which contains a very large number of such parallel con-
tacts between individual CNTs. Furthermore, our study elucidates key parameters for parallel electrical contacts
over a wide range of spatially dependent contact resistivity, which paves the way to strategically design of contact
structures with controlled current distribution profiles and contact resistance, by spatially varying the contact
layer properties and geometry.

In this formulation, we have ignored the effects of space charge and exchange-correlation inside the tun-
neling gap!*°. We have also ignored possible charge trapping inside contact junctions. The model is assumed
two-dimensional, where the effects of the transverse dimension are neglected. These issues will be the subjects of
future studies. It is important to note that the transmission line model (TLM) is only a simplified approximation
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Figure 10. The total contact resistance R, of the CNT-insulator-metal parallel contact. Contact resistance is
plotted as a function of (a) contact length L, (b) insulator layer thickness D and (c) insulator layer permittivity
€,, for CNT-insulator-metal contacts for different contacting metals (Ca, Al, Cu, Au). (d) Contact resistance as
a function of work function of contacting member 2 (W,). The material properties and dimensions for (a—c)
are specified in the text (the same as in Fig. 9). For (d), the resistivity of contacting member 2 is assumed to be

2.0 x 1078 Qm. The results are from the self-consistent numerical calculations using Egs 5, 6 and 10.

of the 2D electrical contacts, where the current crowding and the fringing fields near the contact corners cannot
be fully accounted for'®*. In order to accurately evaluate these effects as well as the impact of finite thickness in
the contact members and the contact junction, and the possible parallel component of current flows in the inter-
face layer, field solution methods need to be used!®*>>*%, Future studies may also include the effects of various
contact geometry, insulator layer non-uniformities and AC response on the electrical properties of tunneling type
contacts. An additional feature might include the role of capacitance and inductance in nano- and micro-scale
structures, especially when a large contact resistance coupled with these reactive effects might introduce new time
scales into time-dependent dynamic problems.

References

1

2.

3.

. Rokni, M. & Levinson, Y. Joule heat in point contacts. In Proceedings International Workshop on Physics and Computer Modeling of

Devices Based on Low-Dimensional Structures 14-20, https://doi.org/10.1109/PCMDLS.1995.494461 (1995).

Thangaraju, S. K. & Munisamy, K. M. Electrical and Joule heating relationship investigation using Finite Element Method. IOP
Conference Series: Materials Science and Engineering 88, 012036 (2015).

Zhang, P, Fairchild, S. B., Back, T. C. & Luo, Y. Field emission from carbon nanotube fibers in varying anode-cathode gap with the
consideration of contact resistance. AIP Advances 7, 125203 (2017).

. Pop, E. The role of electrical and thermal contact resistance for Joule breakdown of single-wall carbon nanotubes. Nanotechnology

19, 295202 (2008).

. Antoulinakis, E, Chernin, D., Zhang, P. & Lau, Y. Y. Effects of temperature dependence of electrical and thermal conductivities on

the Joule heating of a one dimensional conductor. Journal of Applied Physics 120, 135105 (2016).

. Zhang, P. et al. Temperature Comparison of Looped and Vertical Carbon Nanotube Fibers during Field Emission. Applied Sciences

8,1175 (2018).

. Rhoderick, E. H. Metal-semiconductor contacts. IEE Proceedings I - Solid-State and Electron Devices 129, 1- (1982).
. Braslau, N., Gunn, J. B. & Staples, J. L. Metal-semiconductor contacts for GaAs bulk effect devices. Solid-State Electronics 10,

381-383 (1967).

. Monch, W. Metal-semiconductor contacts: electronic properties. Surface Science 299-300, 928-944 (1994).

SCIENTIFIC REPORTS |

(2019) 9:14484 | https://doi.org/10.1038/s41598-019-50934-2


https://doi.org/10.1038/s41598-019-50934-2
https://doi.org/10.1109/PCMDLS.1995.494461

www.nature.com/scientificreports/

10.

11

13.

14.
15.

16.
17.

18.

19.
20.

21.
. Buldum, A. & Lu, J. P. Contact resistance between carbon nanotubes. Physical Review B 63 161403(R) (2001)
23.
24.
25.

26.
. Liu, W, Hierold, C. & Haluska, M. Electrical contacts to individual SWCNTs: A review. Beilstein Journal of Nanotechnology 5,

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
39.

40.
. Zhang, P, Valfells, A., Ang, L. K., Luginsland, J. W. & Lau, Y. Y. 100 years of the physics of diodes. Applied Physics Reviews 4, 011304

42.
43.

44.
45.
46.
47.
48.
49.
50.

51.
52.

Zhang, P. & Lau, Y. Y. An exact field solution of contact resistance and comparison with the transmission line model. Appl. Phys. Lett.
104, 204102 (2014).

. Zhang, P. Scaling for quantum tunneling current in nano- and subnano-scale plasmonic junctions. Scientific Reports 5, 9826 (2015).
12.

Jung, S. et al. Giant Electroresistance in Edge Metal-Insulator-Metal Tunnel Junctions Induced by Ferroelectric Fringe Fields.
Scientific Reports 6, 30646 (2016).

Choi, K. et al. A Focused Asymmetric Metal-Insulator-Metal Tunneling Diode: Fabrication, DC Characteristics and RF
Rectification Analysis. IEEE Transactions on Electron Devices 58, 3519-3528 (2011).

Kaushik, B. K. & Majumder, M. K. Carbon Nanotube Based VLSI Interconnects: Analysis and Design. (Springer India, 2015).
Behabtu, N. et al. Strong, Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh Conductivity. Science 339, 182-186
(2013).

Li, Q W. et al. Structure-Dependent Electrical Properties of Carbon Nanotube Fibers. Advanced Materials 19, 3358-3363 (2007).
Nieuwoudt, A. & Massoud, Y. On the Optimal Design, Performance, and Reliability of Future Carbon Nanotube-Based Interconnect
Solutions. IEEE Transactions on Electron Devices 55,2097-2110 (2008).

Tang, J. et al. Flexible CMOS integrated circuits based on carbon nanotubes with sub-10 ns stage delays. Nature Electronics 1,
191-196 (2018).

Peng, L.-M. A new stage for flexible nanotube devices. Nature Electronics 1, 158-159 (2018).

He, X. et al. Wafer-scale monodomain films of spontaneously aligned single-walled carbon nanotubes. Nat Nanotechnol 11, 633-638
(2016).

Zaumseil, J. Single-walled carbon nanotube networks for flexible and printed electronics. Semicond. Sci. Technol. 30, 074001 (2015).

Kilbride, B. E. et al. Experimental observation of scaling laws for alternating current and direct current conductivity in polymer-
carbon nanotube composite thin films. Journal of Applied Physics 92, 4024-4030 (2002).

Li, C., Thostenson, E. T. & Chou, T.-W. Dominant role of tunneling resistance in the electrical conductivity of carbon
nanotube-based composites. Appl. Phys. Lett. 91, 223114 (2007).

Banerjee, S. & Zhang, P. A generalized self-consistent model for quantum tunneling current in dissimilar metal-insulator-metal
junction. AIP Advances 9, 085302 (2019).

Fuhrer, M. S. et al. Transport through crossed nanotubes. Physica E: Low-dimensional Systems and Nanostructures 6, 868-871 (2000).

2202-2215(2014).

Chai, Y. et al. Low-Resistance Electrical Contact to Carbon Nanotubes With Graphitic Interfacial Layer. IEEE Transactions on
Electron Devices 59, 12-19 (2012).

Foygel, M., Morris, R. D., Anez, D., French, S. & Sobolev, V. L. Theoretical and computational studies of carbon nanotube composites
and suspensions: Electrical and thermal conductivity. Physical Review B 71 104201(2005).

Chiodarelli, N. et al. Measuring the electrical resistivity and contact resistance of vertical carbon nanotube bundles for application
as interconnects. Nanotechnology 22, 085302 (2011).

Lan, C. et al. Measurement of metal/carbon nanotube contact resistance by adjusting contact length using laser ablation.
Nanotechnology 19, 125703 (2008).

Wilhite, P,, Vyas, A. A. & Yang, C. Y. Metal-CNT contacts. In 2014 12th IEEE International Conference on Solid-State and Integrated
Circuit Technology (ICSICT) 1-6, https://doi.org/10.1109/ICSICT.2014.7021185 (2014).

Ngo, Q. et al. Electron Transport Through Metal-Multiwall Carbon Nanotube Interfaces. IEEE Transactions on Nanotechnology 3 311
(2004).

Cook, B. G., French, W. R. & Varga, K. Electron transport properties of carbon nanotube-graphene contacts. Appl. Phys. Lett. 101,
153501 (2012).

Shim, W., Kwon, Y., Jeon, S.-Y. & Yu, W.-R. Optimally conductive networks in randomly dispersed CNT:graphene hybrids. Scientific
Reports 5, 16568 (2015).

Simmons, J. G. Generalized Formula for the Electric Tunnel Effect between Similar Electrodes Separated by a Thin Insulating Film.
Journal of Applied Physics 34, 1793-1803 (1963).

Simmons, J. G. Electric Tunnel Effect between Dissimilar Electrodes Separated by a Thin Insulating Film. Journal of Applied Physics
34,2581-2590 (1963).

Simmons, J. G. Conduction in thin dielectric films. Journal of Physics D: Applied Physics 4, 613-657 (1971).

Hashem, I. E., Rafat, N. H. & Soliman, E. A. Theoretical Study of Metal-Insulator-Metal Tunneling Diode Figures of Merit. IEEE
Journal of Quantum Electronics 49, 72-79 (2013).

Zhang, P. & Lau, Y. Y. Ultrafast and nanoscale diodes. Journal of Plasma Physics 82 595820505 (2016).

(2017).

Schroder, D. K. Semiconductor Material and Device Characterization, 2 ed. (Wiley-Blackwell, 1998).

Murrmann, H. & Widmann, D. Current crowding on metal contacts to planar devices. IEEE Transactions on Electron Devices 16,
1022-1024 (1969).

Berger, H. H. Contact Resistance and Contact Resistivity. J. Electrochem. Soc. 119, 507-514 (1972).

COMSOL Multiphysics® Modeling Software. Available at, https://www.comsol.com/.

Ang, Y. S. & Ang, L. K. Current-Temperature Scaling for a Schottky Interface with Nonparabolic Energy Dispersion. Phys. Rev.
Applied 6,034013 (2016).

Ang, Y. S, Yang, H. Y. & Ang, L. K. Universal Scaling Laws in Schottky Heterostructures Based on Two-Dimensional Materials. Phys.
Rev. Lett. 121, 056802 (2018).

Sun, S., Ang, L. K,, Shiffler, D. & Luginsland, J. W. Klein tunnelling model of low energy electron field emission from single-layer
graphene sheet. Appl. Phys. Lett. 99,013112 (2011).

Zhang, P, Lau, Y. Y. & Gilgenbach, R. M. Analysis of current crowding in thin film contacts from exact field solution. J. Phys. D: Appl.
Phys. 48, 475501 (2015).

Zhang, P,, Hung, D. M. H. & Lau, Y. Y. Current flow in a 3-terminal thin film contact with dissimilar materials and general geometric
aspect ratios. J. Phys. D: Appl. Phys. 46, 065502 (2013); Corrigendum, ibid, 46 209501 (2013).

Rose, A. Space-Charge-Limited Currents in Solids. Phys. Rev. 97, 1538-1544 (1955).

L. Frank, R. & G. Simmons, J. Space-Charge Effects on Emission-Limited Current Flow in Insulators. Journal of Applied Physics 38,
832-840 (1967).

. Ho, X. & Wei, J. Films of Carbon Nanomaterials for Transparent Conductors. Materials 6,2155-2181 (2013).
. Ho, X. et al. Scaling Properties in Transistors That Use Aligned Arrays of Single-Walled Carbon Nanotubes. Nano Letters 10,

499-503 (2010).

. Su, W. S,, Leung, T. C. & Chan, C. T. Work function of single-walled and multiwalled carbon nanotubes: First-principles study. Phys.

Rev. B76,235413 (2007).

. Lide, D. R. et al. CRC Handbook of Chemistry and Physics, 84th ed. (CRC Press, 2003).
. Kittel, C. Introduction to Solid State Physics, 7 ed. (Wiley, 1996).
. Zhang, P, Lau, Y. Y. & Gilgenbach, R. M. Minimization of thin film contact resistance. Appl. Phys. Lett. 97, 204103 (2010).

SCIENTIFIC REPORTS |

(2019) 9:14484 | https://doi.org/10.1038/s41598-019-50934-2


https://doi.org/10.1038/s41598-019-50934-2
https://doi.org/10.1109/ICSICT.2014.7021185
https://www.comsol.com/

www.nature.com/scientificreports/

Acknowledgements
The work is supported by the Air Force Office of Scientific Research (AFOSR) YIP Award No. FA9550-18-1-0061.

Author Contributions
Zhang and Luginsland conceived the problem. Zhang and Banerjee did the theoretical formulation. Banerjee did
the numerical computation and data collection. All authors jointly wrote the paper.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:14484 | https://doi.org/10.1038/s41598-019-50934-2


https://doi.org/10.1038/s41598-019-50934-2
http://creativecommons.org/licenses/by/4.0/

	A Two Dimensional Tunneling Resistance Transmission Line Model for Nanoscale Parallel Electrical Contacts

	Formulation

	Results and Discussion

	Case 1: Constant specific contact resistivity ρc along the contact length L. 
	Case 2: Specific resistivity ρc varies linearly along the contact length L. 
	Case 3: Tunneling contact resistance. 

	Summary

	Acknowledgements

	Figure 1 A parallel, partially overlapped electric contact.
	Figure 2 Voltage and current profiles along similar parallel contacts with uniform contact resistivity.
	Figure 3 Voltage and current profiles along dissimilar parallel contacts with uniform contact resistivity.
	Figure 4 Normalized contact resistance of the parallel contact (Fig.
	Figure 5 Voltage and current profiles along similar parallel contacts with linearly varying contact resistivity.
	Figure 6 Normalized contact resistance of the parallel contact (Fig.
	﻿Figure 7 Similar material CNT-vacuum-CNT parallel tunneling contacts.
	Figure 8 The total contact resistance Rc of the CNT-vacuum-CNT parallel contact.
	﻿Figure 9 Dissimilar material CNT-insulator-metal parallel tunneling contacts.
	﻿Figure 10 The total contact resistance Rc of the CNT-insulator-metal parallel contact.




