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Abstract—Parasitic components are becoming increasingly im-
portant with geometric scaling in nanoscale electronic devices and
interconnects. The parasitic contact resistance between metal elec-
trodes and multilayer graphene (MLG) is a key factor determining
the performance of MLG-based structures in various applications.
The available methods for characterizing metal-MLG contact
interfaces rely on a model based on the top-contact structure, but
it ignores the edge contacts that can greatly reduce the contact
resistance. Therefore, in the present work, a rigorous theoretical
1-D model for metal-MLG contact is developed for the first time.
The contribution of the major components of resistance—the top
and edge contacts (side and end contacts) and the MLG sheet
resistivity—to the total resistance of the structure is included in the
model. The 1-D model is compared to a 3-D model of the system,
and a method for investigation and optimization of the range of
validity of the 1-D model is developed. The results of this work
provide valuable insight to both the characterization and design of
metal-MLG contacts.

Index Terms—Contact resistance, edge contact, multilayer
graphene (MLG), top contact, 1-D contact model.

I. INTRODUCTION

RAPHENE, which is a single atomic layer of sp? hy-

bridized carbon atoms arranged in a honeycomb struc-
ture, has become one of the most researched materials in
the electronics community in recent years due to its superb
electrical and thermal properties. Graphene has ultrahigh mo-
bility (200000 cm?/V - s theoretically) and excellent electro-
static controllability by a gate electrode [1]-[6]. Single-layer
graphene (SLG) has a breaking strength 200 times greater
than that of steel and a relatively high tensile strength [7],
as well as high thermodynamic stability [1]-[6]. Due to its
remarkable properties, the International Technology Working
Group (ITRS) has selected carbon-based nanoelectronics, in-
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cluding graphene, as promising technologies in the emerging
devices and materials category [8]. Graphene exhibits very high
current density due to its sp? hybridized bonds and higher
reliability due to better electromigration tolerance compared
to copper [9]-[17]. It is also demonstrated that graphene’s
current-carrying capacity can be further enhanced by sp?-on-
sp3 technology [18]. Compared to copper, graphene has higher
thermal conductivity [19], [20] and a large carrier mean free
path, which leads to higher conductance [10], [11], [19]. Multi-
layer graphene (MLG) has gained a lot of attention in recent
years in device and interconnect applications. MLG exhibits
transport properties superior to those of SLG due to its higher
number of conducting channels and higher band overlap [9]-
[13]. Furthermore, the substrate has a much smaller impact on
the graphene layers for MLG compared to SLG. In addition,
the bandgap opening in bi- and trilayer graphene has attracted
researchers into the use of MLG in device and memory applica-
tions [21]-[26]. Graphene is a highly flexible material with high
transparency, which makes it an excellent alternative to indium
tin oxide as a transparent electrode for light-emitting diodes,
solar cells, touchpad displays, and memory devices [27]-[35].
Graphene can also be used in communications applications
in amplifier and phase detector blocks [36], [37]. It has been
shown that the metal-graphene contact contributes to noise
in graphene transistors, and MLG is known to exhibit lower
1/ f noise compared to SLG [38], [39]. In [39], a new type of
graphene device is proposed and demonstrated that incorporates
the low-noise metal-MLG contact with an SLG channel. The
so-called graphene thickness-graded transistor combines the
benefit of high mobility in SLG with low contact noise of MLG.

While graphene exhibits excellent electrical and thermal
properties, graphene-based structures exhibit poor electrical
transport properties due to the impacts of parasitic compo-
nents. Contact resistance is one of the most important parasitic
components in graphene-based electronic structures, includ-
ing devices and interconnects. Therefore, it is important to
understand the dependence of contact resistance on different
device parameters. Although many researchers have focused on
metal-SLG contact [40]-[66], little is known about the proper-
ties of metal-MLG contacts. The metal-to-SLG/MLG contact
characterization is reported in [45]-[52], [67], and [68]. The
type of analysis used to extract the individual resistivity values
is usually based on a method called transmission line method
(TLM) similar to that in [69] and [70], where the top-contact
type is assumed for a metal-MLG structure. Although this
method can be used for metal-SLG structures with relatively
accurate results, it will be shown here and in the companion
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Fig. 1. Metal-graphene contact. (a) Schematic illustration of side (top)-

and end (edge)-contacted metal-graphene structures. (b) Cohesive energy and
metal—carbon spacing in edge- and top-contact structures [59] for different met-
als. Cohesive energy is given in kilocalories per mole. Schematic illustrations
of (c) edge- and (d) top-contact structures. The sp? hybridization of graphene
is illustrated in (c). The C-M spacing in (c) and (d) represents the distance
between metal and carbon atoms.

paper (part II) [71] that it cannot model the metal-MLG contact
accurately due to the presence of edge contacts.

In a metal-MLG structure, the metal-graphene contact for
the topmost graphene sheet is of both side/top- and end/
edge-contact types [Fig. 1(a)], while metal only contacts the
underlying graphene layers through an end/edge contact. The
schematic illustration of the side and end contacts is shown in
Fig. 1(a). Fig. 2(a) and (b) further show the contact between
the metal and graphene layers. To simplify the terminology, the
terms “top contact” and “edge contact® will be used here to refer
to the side and end contacts, respectively. It has been shown
that the edge contact for metal-carbon-nanotube structures
substantially reduces the contact resistance compared to side
contacts [72]-[75]. Similarly, the first-principle calculations
show that the edge-contacted metal-SLG structure exhibits a
contact resistance substantially smaller than that of the top-
contacted metal-SLG structures [59], [60]. The improvement in
contact resistivity, reported as the ratio of the contact resistance
per carbon atom for top contact to that for edge contact,
varies between 10 and 10000, depending on the type of metal
[59]. This improvement is attributed to the smaller gap formed
between metal and carbon atoms in edge-contacted structures
and the contribution of pr and po orbitals to conduction.

The schematic illustrations of the edge and top contacts are
shown in Fig. 1(c) and (d), respectively, where the C—M spacing
shows the gap between carbon and metal atoms. Carbon atoms
form sp? bonding in graphene. Therefore, each carbon atom
shares three electrons with the nearest neighboring carbon
atoms in the basal plane in the form of three sigma bonds. The
other electron in the 2p atomic orbital overlaps with those of its
nearest neighbors to form a 7 bonding system. The 7 orbitals
are perpendicular to the basal plane as shown in Fig. 1(d).
However, the carbon atoms at the edges of graphene can form
only two sigma bonds with the neighboring carbon atoms.
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Fig. 2. Schematic views of metal contact to MLG. (a) View from top (z—y
plane). (b) Cross-sectional view (y—z plane). (c) Labeling of the MLG sides.
Metal covers the sides 2, 3, 4, and 6. The sides 2 to 6 represent the outer surface
of the MLG sheet under the contact. Side 1 is at z = 0, at the beginning of the
channel, and the symbol “O” shows the origin.

Therefore, the metal atoms connected to the edges of graphene
[Fig. 1(c)] can form a stronger bond to carbon atoms compared
to the metal atoms in the top-contact structure [Fig. 1(d)].
This phenomenon can be studied through the calculation of
the cohesive energy of the system [59], [60]. The cohesive
energy of the interface between metal and carbon atoms and the
metal—carbon spacing are listed in Fig. 1(b) for different types
of metals. It can be observed that the edge-contact interface
provides higher cohesive energy compared to the side-contact
interface. Higher cohesive energy leads to a smaller spacing
between metal and carbon atoms. The carrier transport across
the metal-graphene interface can be treated as a quantum
tunneling process. In a tunneling process, the smaller the width
of the tunneling barrier, the higher the tunneling probability
[76]. Henceforth, the edge-contact structure exhibits smaller
contact resistivity. As the number of graphene layers increases
in a metal-MLG structure, the contribution of edge contacts to
electrical conduction increases dramatically. In the companion
paper [71], it will be shown that the regular characterization
analysis based on the top-contact model [45]-[52], [67], [68]
does not model the metal-MLG structures accurately.

Furthermore, in MLG, the nature of electrical transport in
the basal plane is different from that along the c-axis, where
the c-axis is the direction perpendicular to the basal plane
(graphene layers). In the basal plane, the m-orbital electrons
are responsible for conductance, while the thermal excitation
of carriers along the layers and impurity-assisted interlayer
hopping are the primary sources for the c-axis conduction [77].
Therefore, MLG exhibits anisotropic conductance along the
basal plane and the c-axis [78]. Due to this anisotropy and the
presence of edge contacts, the metal-MLG structure is a full
3-D system. Hence, a new model needs to be developed that
can capture the effects of different parameters on the resistance
of the 3-D metal-MLG structure.

In this work, a new model is developed, which is based on
a comprehensive analysis of the effects of both the top and
edge contacts on the overall performance of the metal-MLG
structure. The role of different parameters such as the geometry
of the structure and the sheet resistivity on the total resistance
of the system is presented. A simplified 1-D model is developed
that captures the effects of the edge and top contacts and the
sheet resistivity of graphene and matches well with the 3-D
model. The 1-D model is shown to be useful in understanding
the contribution of different parameters to the total resistance
and the current flow path in the system. The total resistance
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of the metal-MLG structures is studied by assuming diffusive
transport. This assumption is valid when graphene dimensions
are much larger than the carrier mean free path. The implica-
tion of the developed model for the quasi-ballistic regime is
discussed in the companion paper [71].

The developed model is based on distributed contact. The
validity of the distributed contact is discussed in [81]. Recent
experimental results on the contact resistance of metal-SLG
structures [82] further support the validity of the distributed
model.

First, the metal-MLG contact structure and the modeling
assumptions are presented in Section II. Then, in Section III, the
structure is studied under the assumption that the metal resis-
tance is negligible. This assumption is helpful in understanding
the role of edge contacts on the overall characteristics of the
contact and in developing the 1-D model. The 3-D model and
the 1-D model are developed in Section III, and the comparison
of the two models and the range of validity of the 1-D model
are investigated.

Then, in the companion paper [71], the 1-D model is ex-
panded to include the effect of metal resistivity. The 1-D
model is applied to different metal-MLG structures. The three
major components of the total resistance—metal sheet re-
sistance, MLG sheet resistance, and contact resistance—are
studied together, and the importance of these resistances for
different geometries is studied. The developed model is further
described in the quasi-ballistic regime. This type of analysis is
invaluable for both the characterization and design of MLG-
based structures that involve top and edge contacts.

II. METAL-MLG CONTACT STRUCTURE

The metal-MLG structure is shown in Fig. 2(a) and (b). Two
metal electrodes are connected to an MLG structure. Fig. 2(a)
shows the top view, and Fig. 2(b) shows a cross section of the
contact in the y—z plane. In Fig. 2, w and ¢ are the width and
thickness of the MLG sheet, respectively, L¢ is the contact
length, wgy, and tg,, are the width and thickness of the side
metal, respectively, and L,,, is the length of the extension of the
metal. In Fig. 2(c), the MLG sheet under the metal electrode
is shown as a box. The labeling of the sides will be used later
on as a convenience to define the boundary conditions (BCs).
The metal covers the sides 2, 3, 4, and 6, and side 1 is at the
beginning of the channel region. The contact to the graphene
layers is of the edge-contact type, while the topmost layer has
both the top and edge contacts.

The graphene width is large enough (> 200 nm) so that edge
scattering and quantum mechanical effects resulting from width
confinement can be ignored. The properties of graphene can
be affected by substrate, contact, and charge impurities. The
substrate becomes important, particularly when the number of
layers is small. It has been shown that the charge screening
length in MLG is between 0.5 and 1 nm [14], [79], [83].
Therefore, the substrate effect only becomes important for
an MLG thickness of less than 1 nm. Suspending graphene
[3], [4], [52] or vacuum annealing of graphene [45]-[52] has
been shown to reduce the substrate effects significantly. The
substrate effects are not included in this paper, and depending
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on the structure and the method used for fabrication of the MLG
structure, one might need to implement the substrate effects
into the model (i.e., through modification of the MLG sheet
resistivity).

Furthermore, it has been shown that the metal contacts can
alter the Fermi level and the density of states of graphene
[40]-[44], [53], [54], [84], which leads to a change in the
sheet resistivity of graphene under metal. Therefore, the contact
resistance, which is determined by the slope of the -V curve
near the Fermi level, becomes strongly dependent on the type of
metal. In this work, the MLG under the contact is studied; thus,
an effective sheet resistivity in conjunction with an effective
contact resistivity is considered for MLG under the contact.
To understand the overall effects of these nonidealities, in this
work, a wide range of MLG sheet resistivity and contact resis-
tivity is studied. Moreover, it is assumed that the total voltage
applied to the structure is less than 0.1 V; hence, the Fermi-
level variation inside graphene is small. Due to the exclusion
of the channel in the developed 1-D model, the asymmetry
of conduction in the hole- and electron-dominated transport
regimes in graphene-based field-effect transistors [17], [53],
[54] is not modeled in this work.

III. MODEL FOR NEGLIGIBLE METAL RESISTANCE

In this section, the metal resistance is assumed to be negligi-
ble compared to the sheet resistance of MLG. Considering the
typical values of metal resistivity (p,,) for copper and gold of
around 2 x 107% Q- m [80] and a basal plane sheet resistivity
of graphene (ps) of around 5 x 1077 Q - m [78], the assumption
of negligible metal resistance is valid, when the area of metal is
much larger than that of MLG. In this section, ps is assumed to
be larger than 5 x 1077 Q - m, because lower values of ps lead
to inaccurate results when p,,, is ignored. The lower values of p;
are considered in the companion paper [71], where the model
including the metal resistivity is developed. The ratio of top-
contact resistivity per carbon atom to edge-contact resistivity
per carbon atom is assumed to vary between 0.01 and 10000
and is represented by the parameter f.

A. Model Derivation

1) Three-Dimensional Model: To model the contact resis-
tance to an MLG sheet, a simple device structure consisting of
two metal contacts deposited on two ends of an MLG sheet is
used [Fig. 2(a)]. The use of the following model requires the
assumption that the contacts are ohmic. The MLG body and
the metal-MLG interfaces are modeled by resistive elements.
The MLG sheet is modeled by an infinite number of basic
resistive elements, where six resistors are connected to each
node as shown in Fig. 3, and the contact resistances are modeled
by resistive elements between metal and MLG nodes. The
resistivity ps is the basal plane electrical resistivity of MLG
in - m, and py is the c-axis electrical resistivity of MLG in
2 - m. The ratios py/ps are 100 to 170 for natural single-crystal
graphite, 2500 to 8800 for pyrolytic graphite, and 180 to 210
for kish graphite [78]. In this paper, a value of p;/ps = 100 is
chosen.
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Fig. 3. Resistive network model for the MLG sheet. The aforementioned
model is used for each node in the MLG sheet after discretization of the MLG
sheet.

The following equations define the currents in each resistive
element according to Ohm’s law (I = V/R):

I, = M% (1)
ps dx
—dxdz dVyg
I, = s )
Y ps  dy
—dxdy d
[ =~y dVs 3)
pr dz

The potential at each node is Vg(x,y, ), and I, I,, and I,
represent the electrical currents in the x-, y-, and z-directions,
respectively. At each node

dI, + dI, + dI, = 0. )

By combining (1)—(4), the partial differential equation (PDE)
for the system is

1 Vs
ps da?

1 d*Vs
ps dy?

1V
pr dz?

=0. (5)

The solution to (5) gives the potential (V) in the MLG body.
Next, the BCs need to be introduced. The coordinate axis is
shown in Fig. 2, and the origin is marked with the symbol O.
Due to the symmetry of the device along the y-axis, only half
of the structure from y = 0 to y = w/2 is studied. Because of
the symmetry, I, is zero at y = 0. At side 4 (y = w/2), I, is
calculated as the voltage drop on the contact resistance divided
by the value of the contact resistance. The contact at this edge
is of the edge-contact type, and its value is p./dxdz, where p.
is the edge-contact resistivity in 2 - m2.

The contact resistivity per carbon atom for top and edge
contacts (p. pc and p. pc, respectively) is reported in [59]
for different metals by the use of first-principle calculations,
where p._p 1s found to be much smaller than p,_ .. Here, the
parameter f is defined as f = p._pc/pe_pe, Which is a dimen-
sionless parameter. The dependence of f on the metal-carbon
spacing can be understood from a simple qualitative model for
conductance. In this context, f = (T.M.)/(T.M.), where T,
and T, are the tunneling probabilities for edge and top contacts,
respectively, within the Wentzel-Kramers—Brillouin approxi-
mation. 7, and 7. reduce exponentially as the metal-carbon
spacing (d,,_.) increases. M, and M, are the numbers of
conducting modes for edge and top contacts, respectively. The
number of modes depends on the type of metal and the nature of
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the contact. For physisorption contact [42], the band structure of
graphene is unaffected by the metal, and the number of modes
can be calculated by M (Er) = 2W|Ep|/mhvy. W is the width
of graphene, E'r is the Fermi level, 7 is the Planck constant, and
vy is the Fermi velocity. However, for chemisorption interfaces,
the metal alters the band structure of graphene, and the number
of modes can only be calculated using first-principle calcula-
tions. The situation is more complex in metal-MLG structures,
as f becomes dependent on the charge distribution in graphene
layers and on the interface quality of the contact due to absorbed
molecules.

Furthermore, in typical measurement setups such as TLM,
four-probe, and cross-bridge Kelvin, it is not possible to mea-
sure the value of f. However, an effective contact resistivity
(pe and p.) can be measured. In a graphene layer with width
W, length L¢, thickness tsrg, and carbon—carbon distance
acc, the total resistance for top contact is Ry = p./WLe =
Pe_pc/(F of atoms on surface), which leads to p. =
3V 30 ce Pe_pc/4. For edge contact, the total contact resistance
is Rg = pe/WitsLg = pe_pc/(# of atoms on edge), where
the numbers of atoms on edge are W/ V3ae, for zigzag edge
and 2W/3a.. for armchair edge. Therefore

4p.t
f= *Pe SLG, for zigzag
3 pe Gcc
2 pet
f = PeSLG for armchair.

V3P Gee

In this work, an average of these values is used for all
the edge resistances. It is instructive to look at the effects of
variation of f on the performance of metal-MLG structures,
which will be provided in the companion paper [71]. The
variation of the value of f is within the values predicted by
first-principle calculations.

The voltage across the contact resistance at side 4 is (Vs —
V'), where V is the voltage applied to the metal. The BCs along
the y-axis are

aty =0: I,(z,0,2) =0 (6)
L w w B Vs =V
aty =5 I, (:c, 5,2) = dxdzT. @)

The BCs along the z-axis are similar to the BCs along the
y-axis, except for the value of the contact resistance p../dzdy

atz=0: I,(z,y,0)=0 (8)

Vg -V

c

atz =t: L (z,y,t) = dady 9)

The BCs along the z-axis are written for the sides 1 and 3. At
side 3, the MLG is tied to V' through the edge-contact resistance
pe/dydz. At side 1, the current along the z-axis is equal to the

current along the x-axis in the channel, and Vg is also equal to
the potential in the channel, as reflected in

atx =0: IT(anvz) - m,Ch(OvyVZ)

VS(anv’Z) = VCh(Oyy,Z) (10)
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Fig. 4. One-dimensional model for the metal-MLG contact. The resistance
pr /dx includes the effects of the sides 2, 4, and 6. The resistance pe /wt is used
to model the effect of side 3. The resistances psdx/wt and pmdx /Sy, are used
to model the MLG and metal layers, respectively, where Sy, is the area of the
metal covering MLG, and py, Ly, /wity is used to model the extension of the
metal fromz = Lo tox = Lo + Ly, The geometrical parameters are shown
in Fig. 2. I, and Ig are the currents passing through the metal and MLG,
respectively, and Ic1p is the current passing through the contact resistance.

The form of the potential in the channel is calculated by solving
(5) in the channel using the appropriate BCs in the y- and
z-directions. The potential in the middle of the channel was set
to V/2. Using

Vo -V
atx = Lo I,(Lo,y, z) = dydz S

(11)
e
the exact value of the potential in the MLG under the contact
and in the channel can be calculated.
The solution to (5) using BCs (6)—(11) gives the potential
inside the MLG body, which can be used to define the contact
resistance

Vs(x,y,2) = Z [(A,, sinh B,,2 + By, cosh S, x)

m=1
< COSYmY * COS A 2] + V (12)
2 _ 2 Ps 2
PI
o tan (5 ) = 22 (14)
2 Pe
Am tan(Amt) = 2L. (15)

c

Ym and A, are the solutions to (14) and (15), and S, is
calculated using (13). The parameters A,, and B,, are calcu-
lated from (10) and (11). Although the aforementioned solu-
tion would be accurate enough with less than 15 modes, the
complexity of the solution makes it difficult to interpret the
role of different parameters on the potential distribution and
the total resistance of the structure. Subsequently, it becomes
very difficult to analyze the experimental measurement results
with the 3-D model. Therefore, a 1-D model is developed in the
following section that includes the effects of all the important
factors in the contact resistance.

2) One-Dimensional Model: The 1-D resistive network
model is shown in Fig. 4. The contribution of the sides 2, 4, and
6 to the contact resistance is included in the resistive element
pr/dx, and the contribution of side 3 to the contact resistance
is modeled by the resistive element p./wt. The MLG sheet is
modeled by the horizontal resistors psdz/wt. In this case, the
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voltage distribution along the y- and z-axes has been neglected,
but the effects of nonzero width and thickness will be included
in py later by introduction of width- and thickness-dependent
parameters. Only the MLG sheet under the metal electrode
is considered. The metal potential at each point is equal to
V', because the metal resistivity is zero. First, the equations
defining the potential and current in the 1-D model will be
described. Then, the 1-D model parameters will be linked to
the 3-D model parameters. The current /g can be calculated by
Ohm’s law

—ut dVs

Ig = .
s ps dx

(16)

From Kirchhoff’s law, at each node in the MLG sheset,
Is(z + Az) — Ig(x) = (V — Vg)dx/pi, which can be rear-
ranged as

dls _V-Vs

17
e p 7)

Combining (16) and (17), the PDE for the 1-D system can be
written as

d?V.
dxj —BWs+ 2V =0 (18)
2= Lo (19)
wtpk.
The solution to (18) has the general form
Vs(x) = Asinh Sz + B cosh fx + V. (20)
Next, the BCs are defined
atx=0: Vs(0)=0 21
L) —
atx =L¢: Ig(x =L¢o) = th. (22)
Pe

By applying the BCs, the constants A and B are calculated

B=-V (23)
h 8L

_ Bpetanh SLc + ps (24)

ps tanh BLc + Bp

and the total current can be calculated as

—wt
Loy = Is(z = 0) = 2 Ba. (25)

Ps

The next step is to link the 1-D model parameters to the 3-D
model parameters. The goal is to find p; that leads to the
same current distribution in the two models. First, the following
resistances are defined:

Ry(z) = wp . (26)
Ry(z) = t’;; . 27)

The resistances Ry and Rp are the total resistances to the
sides 6 and 2/4, respectively, at any point = along the length on
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Fig. 5. Demonstration of the effect of variation of ae on the 1-D approxi-
mation of the 3-D system (e = 0.0, 0.12, 0.3, and 0.6). The current per unit
length in the contact is shown along the length. The solid lines show /¢1p, and
the dashed line shows Icsp. n; is the number of graphene layers.

a slab with a length dx. By taking w — 0 and ¢ — 0, the 3-D
system converts to a 1-D system, where py, /dz = Rr||[(Rg/2).
To account for the nonzero thickness and width of the system,
the contact resistivity at edges 2, 4, and 6 is modified in a way
similar to that in [69] by a first-order approximation

(28)
(29)

pe =pe+ actpr
Pe = pe + acwps.

The addition of the second terms on the right-hand side
of (28) and (29) (which depend on the width, thickness, and
resistivity of MLG) should approximately account for the volt-
age drop along the y- and z-axes in MLG. The dimensionless
parameters o and o, are used to fit the solutions of the 1-D
and 3-D systems. Then, py, is calculated as

ok = (Rr|R/2) do = ——LePe

= e 30
2tpg + wpg G0

B. Comparison of the 1-D and 3-D Models and the
Validity Range

The coefficients «,. and «,. that were introduced in the
previous section are used to model the nonzero width and
thickness of the MLG. In this section, the optimum values of
these coefficients will be determined by comparing the 1-D
and 3-D models, and the validity range of the 1-D model will
be investigated. The current distribution per unit length in the
contact along the length is used to investigate the accuracy of
the model. In the 1-D model, this current is called Icip(x) as
shown in Fig. 4, which is the current per unit length passing
through the py, /dx elements (Icip = (V — Vs)da/pg). In the
3-D model, the corresponding current is called Icgp () and is
defined as the current per unit length passing from the metal
to the MLG at any position x. Hence, Icsp(z) comprises the
currents entering MLG from sides 2, 4, and 6.

The current distribution in the contact (Icip and Ic3p) is
used to compare the 1-D and 3-D models. Fig. 5 shows Icsp
for a typical contact structure (dashed line), with Icip for the
same device obtained from (28)—(30) for different values of a.
It can be observed that, for a specific value of ., the 1-D model
matches well with the 3-D model. To determine the goodness
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Fig. 6. Comparison of the 1-D model to the 3-D model by observing R?
through variation of cv. and ae. A value of R? close to one indicates better
approximation.

of the fit, the R-squared (R?) parameter can be used, which
is determined by R? = 1 — SS.;,/SSi0t, Where SSe;, is the
residual sum of squares and S'Sy. is the total sum of squares.
Values of R? closer to one correspond to a better fit.

The next step is to find the optimum values of a. and a.
that produce the best fit for different device geometries and
resistivity values. To do so, the coefficients «, and o, are var-
ied, and their effect on the fitting of /c1p and Icsp is studied.
As stated before, . is used to model the nonzero thickness
in the z-direction, and «. is used for the y-direction. Ideally,
each of these coefficients should be optimized individually and
independent of the other. Therefore, the contact geometry is
modified to reduce the effects of potential distribution along
the width (height) on the potential distribution along the height
(width). For example, it can be observed that, by setting w < ¢
and p. — o0, the majority of the current enters from side 6 in
the z-direction, and the potential variation along the y-direction
can be neglected; hence, the effect of . on I¢1p can be studied
independent of a.. Similarly, by setting ¢ < w and p. — oo,
the majority of the current passes through sides 2, 3, and 4, and
the potential variation along the z-direction can be neglected;
hence, the effect of a. can be studied independently.

Fig. 6 shows R? for different values of «. and o, using
the two configurations discussed earlier. In Fig. 6(a), R? is
shown for different values of a. and p./tpr. The reason for
the selection of p./tp; will be discussed later. Different values
of resistivity, thickness, and contact length are used to generate
the curves. A value of o, = 0.3 yields the best fit. It can be
observed that R? is not a strong function of c.. The reason is
the relatively small thickness of MLG (and subsequently large
values of p./tpr), which leads to small variation of the potential
along the z-direction. Similarly, Fig. 6(b) shows how «. can
be optimized for the best fit for different values of p./wps. A
mean value of a, = 0.12 gives the best fit for a wide range of
pe/wps. As can be observed, R? is a strong function of a,
which is attributed to the larger MLG width compared to its
thickness. A wide range of resistivity, width, and contact length
is used to generate the curves.

The validity of the 1-D model depends on the variation of
the potential in the y—z plane and subsequently on the gradient
of the potential along the y- and z-axes. For a high potential
gradient, the linear approximation used for p} and p} in (28)
and (29) cannot model the system accurately. Therefore, the
gradient of the potential can be used to study the validity of
the 1-D model. On side 2 of MLG (with contact resistivity p.),
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the BC for the 3-D model is defined by (7). Combining (2) and

(7) and normalizing using y* = wy yield the potential gradient
wps

dVs
= V —Vg).
dy* Pe ( s)

3D

According to (31), a higher value of p./wps leads to a
smaller gradient of the potential in the y-direction in MLG near
side 2 and, hence, smaller I,. A similar analysis for side 6
shows that the potential gradient in the z-direction is a strong
function of p./tp;. That is the reason for the consideration of
these two parameters in the optimization of the 1-D fit (Fig. 6).

The optimum values of o, and a, were extracted with
special conditions on the geometry and resistivity values,
which effectively lead to an approximation of the MLG by a
2-D system. To investigate the validity of the approximation
for a general 3-D structure, different dimensions and resistivity
values are used in simulations, and the 3-D and 1-D models
are compared using the parameter R2. Fig. 7(a) shows R? for
different contact configurations with the optimized values of
a. and a.. A wide range of t, w, p., pr, Pe, Ps, and Lo is
used in the simulations. It can be observed that the 1-D model
exhibits a good fit with R? ~ 1, when the parameters p. /wpq
and p./tpr are larger than one. The value of p./wps (pe/tpr)
is kept larger than one, when studying p./tpr (pe/wps).
For values of p./wps or p./tp; less than one, the 1-D
approximation fails to model the system accurately.

Fig. 7(b) shows the effect of variation of p./wps on the
validity of the 1-D model for different values of c.. Iiot1p =
I5(0) represents the total current in the 1-D model, and Tiot3p
is the total current passing through the contact in the 3-D model.
For a good fit, these two currents should be equal. It can be
observed from Fig. 7(b) that the optimum value of o degrades
from the previously derived value (0.12) for smaller values of
pe/wps. These results show that the value of o (and similarly
o) can be modified for a good fit for situations where p. /wps
(or p./tpr) is smaller than one. It should also be noted that
the 1-D model works best for w < 2L, because larger values
of w lead to higher variation of the potential along the y-axis
compared to the x-axis.

IV. CONCLUSION

A 1-D model was developed for the metal-MLG contact
structure with edge and top contacts. The 1-D model provides
simpler insights into the effects of edge and top contacts. The
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1-D model was developed along the length of the contact;
however, the potential variation along the width and thickness
of the structure was also included through a modification of the
contact resistivity. Subsequently, the 1-D model was compared
to the 3-D system, and the validity range of the 1-D model was
discussed. The 1-D model is valid under the following assump-
tions: 1) ohmic contact between metal and MLG; 2) MLG width
larger than 200 nm; 3) contact width less than twice the contact
length; 4) low voltage bias (0.1 V); 5) values of p./wps and
pe/tpr larger than one; and 6) negligible metal resistivity.

The developed model can be used in the design of efficient
contacts to MLG and in the characterization of the metal-MLG
contact structures where edge and top contacts are present.
Using the developed model, it is shown in the companion paper
[71] that the edge contacts can significantly reduce the contact
resistance of the metal-MLG structures.
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