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Modeling, Analysis, and Design of Graphene
Nano-Ribbon Interconnects
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Abstract Graphene nanoribbons (GNRs) are considered as a
prospective interconnect material. A comprehensive conductance
and delay analysis of GNR interconnects is presented in this
paper. Using a simple tight-binding model and the linear response
Landauer formula, the conductance model of GNR is derived. Sev-
eral GNR structures are examined, and the conductance among
them and other interconnect materials [e.g., copper (Cu), tungsten
(W), and carbon nanotubes (CNTs)] is compared. The impact of
different model parameters (i.e., bandgap, mean free path, Fermi
level, and edge specularity) on the conductance is discussed. Both
global and local GNR interconnect delays are analyzed using an
RLC equivalent circuit model. Intercalation doping for multilayer
GNRs is proposed, and it is shown that in order to match (or
better) the performance of Cu or CNT bundles at either the global
or local level, multiple zigzag-edged GNR layers along with proper
intercalation doping must be used and near-specular nanoribbon
edge should be achieved. However, intercalation-doped multilayer
zigzag GNRs can have better performance than that of W, im-
plying possible application as local interconnects in some cases.
Thus, this paper identi es the on-chip interconnect domains where
GNRs can be employed and provides valuable insights into the
process technology development for GNR interconnects.

Index Terms Armchair graphene nanoribbon (ac-GNR), car-
bon nanotube (CNT), conductance, delay modeling, graphene
nanoribbon (GNR), intercalation doping, specularity, very large
scale integration (VLSI) interconnects, zigzag GNR (zz-GNR).

I. INTRODUCTION

RAPHENE nanoribbons (GNRs) have been recently pro-

posed as one of the potential candidate materials for both
transistors [1] and interconnects [2] [4]. GNRs are obtained by
patterning graphene, which isa at monolayer of carbon atoms
tightly packed into a 2-D honeycomb lattice, and is a basic
building block of carbon nanotubes (CNTs), GNRs, graphite,
etc. [5], as shown in Fig. 1.

A. Basic Properties

Both GNRs and CNTs can conduct much larger current
densities than Cu (a traditional interconnect material), due to
their strong sp? hybridized bonds, and the absence of severe
reliability problems that plague Cu, particularly for future
interconnect geometries [7] [11]. The thermal conductivities
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Fig. 1. Lattice structures of (a) graphene [5], (b) carbon nanomaterials based
on graphene [left: single-walled; right: multiwalled CNTs (rolled graphene
sheets)] [6], (c) monolayer GNR (patterned graphene sheet), and (d) multilayer
GNR (patterned graphite).

TABLE |
PROPERTIES OF GRAPHENE/GNRS, Cu, AND CNTs RELEVANT
TO VLSI INTERCONNECTS

Graphene or
Cu SWCNT MWCNT GNR
Max current density 7 9 9 8
(Alem?) 10 >10" 9] >107[10] | >10°[11]
Melting point (K) 1356 3773 (graphite)
Tensile strength (GPa) | 0.22 [22.2422[12]| 11-63 [13] -
Thermal conductivity
3 0.385 | 1.75-5.8 [14]| 3[15] |[3-5[16].[17]
(X10° W/mK)
Mean free path (nm) @ 3 2.5%10% 3
room temperature 40 ~107[18] [19] 1107 [20]
S £ Films / Hori-| o e | not known | M@scent kinmor;v;tl?rl;[
: taFus O | zontal wires stage [21]
fabrication [22]
techniques Vertical vias | mature nasce[:;lg]s tage known [6] | not known

of GNRs and CNTs are also much larger than that of Cu
[14] [16]. Moreover, compared to Cu, both GNRs and CNTs
have large carrier mean free paths (MFPs), which lead to large
electrical conductance [18] [20]. However, GNRs are believed
to be more controllable from a fabrication point of view. This is
due to the planar nature of graphene, which can be patterned
using high-resolution lithography. The properties of GNRs,
Cu, single-walled CNTs (SWCNTs), and multiwalled CNTs
(MWCNTS5), relevant to interconnect applications, are listed in
Table I.
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To comprehend the outstanding electrical and thermal prop-
erties of GNRs and CNTs, it is important to understand
the electronic band structure of graphene. According to the
tight-binding model [24], graphene is a semimetal or a zero-
gap semiconductor, with a linear energy spectrum of E =
—hvg k/2 near the Dirac points [Fig. 2(a)], where Kk
is the distance from the Dirac points to any point in the k
space, h is Planck s constant, v = 3 a/h= 10% m/s is
the Fermi velocity, where = 3eV is the overlap integral
between nearest neighbor -orbitals, and a = 0.246 nm is the
lattice constant [25]. Due to the linear energy dispersion near
the Dirac points, the charge carriers in graphene mimic rel-
ativistic particles with constant magnitude of v¢, which are
called massless Dirac Fermions. Due to the limited width of
GNRs, they are con ned 1-D structures: wave function vanishes
at two edges. Thus, the transverse wave vector in GNR is
quantized with separation of /w (W=1i /2 or k=i /w,
where i is an integer, and is the wave length), where w is
the width of the GNR. As a result, armchair GNRs (ac-GNRs)
[Fig. 2(b)] can be either metallic (the transverse wave vector
with respect to the Dirac point, K¢ransverse = N /W, where n
is an integer; note that whenn =0, Keransverse = 0, implying
that the zeroth subbands pass through the Dirac points) or semi-
conducting [ Keransverse = (N+1/3) /W or  Keransverse =
(n 1/3) /w], depending on the number (N) of hexagonal
carbon rings across the width: metallic when N =3m 1
and semiconducting when N = 3m or 3m + 1 [Fig. 2(d) and
(e)] [26]. In comparison, zigzag GNRs (zz-GNRs) are al-
ways metallic and independent of N. However, the electronic
states of zz-GNRs are more complicated. Particularly, the
zz-GNRs have the dispersionless band or zero-mode,
which originates from the edge states [26] [28] [Fig. 2()]:
almost atband appears within the region of 2 /3 < |ka|
Note that for the same w, the N of ac-GNRs is approximately

3 times larger than the N of zz-GNRs due to the nature of
the honeycomb lattice. It should also be noted that the band
structure of the monolayer graphene can be strongly affected
by the substrate (e.g., SiO, substrate with O-termination and
without H-passivation) [29]. It is assumed in this paper that the
graphene is deposited onto a proper substrate so that the tight-
binding model is valid. Furthermore, for the case of multilayer
GNRs, the substrate has negligible impact on the layers that are
above the rst few layers.

B. GNR Fabrication Methods

As mentioned earlier, the interest in GNRs is mainly due
to their deemed patternability to produce metallic or semi-
conducting structures on demand. Various methods for fab-
ricating GNRs are being pursued, but dif culties also exist
in those methods. Carbon Ims have been demonstrated in
dynamic random access memory trench capacitors using the
chemical vapor deposition method [30], but the grown Ims
are not single-crystal graphene Ims with ultrahigh electrical
conductivity. Although thermal decomposition of single-crystal
(0001) 6H-SIiC or 4H-SiC can produce thin graphene Ims
[31], [32], this approach requires single-crystal substrates and
high temperatures, which is not suitable for interconnects due
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Fig. 2. (a) Band structure of graphene forming hexagonal cones in the vicinity

of the Dirac points. Schematic view of (b) ac-GNR and (c) zz-GNR. Band

structures of (d) metallic ac-GNR (N = 44), (e) semiconducting ac-GNR

(N =45), and (f) zz-GNR (N = 26) of similar width (11 nm). N is the

number of hexagonal carbon rings across the width of the GNR, and a is the

lattice constant (a = 0.246 nm). In (f), the subscript E indicates the subband

index, while — indicates a degeneracy of 2. Note that kg T is much less than
En (the difference in energy between any adjacent subbands).

to the relatively low back-end thermal budget ( 400 C) in
integrated circuit fabrication technologies. Graphene can also
be mechanical exfoliated from graphite and deposited onto an
insulating substrate [33], but this approach is uncontrollable for
massive fabrication. In [22] (Fig. 3), graphene is segregated
by dissolving carbon in a Ni substrate at high temperatures,
covering with a silicone Im, and then transferring to a desired
substrate. The Ni substrate can be subsequently removed to
allow GNR wire and contact formation through patterning.
Similarly, graphene can be deposited onto copper (Cu) foils
(which can be removed later) and transferred to insulating
substrates [34]. While these approaches are more suitable for
interconnect applications than the previous three approaches,
they still require further investigation.

C. Fundamental Issues in GNRs and the Focus of This Paper

In addition to the fabrication challenges, several fundamental
issues also exist in GNRs. First, GNRs have edge scattering,
which reduces the effective MFP, while CNTs have no such
issue. Second, while monolayer graphene has large MFP and
conductivity, multilayer graphene turns to graphite and has
much lower conductivity per layer due to intersheet electron
hopping [35]. The interaction between layers also leads to a
modi cation of the band structure (0.04 eV of band overlap is
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Fig. 3. Possible GNR interconnect fabrication strategy adapted from [22].
generated in neutral bulk graphite) [36]. In addition, zz-GNRs
exhibit a nonzero bandgap [shown later in (17)] due to stag-
gered sublattice potential from magnetic ordering once electron
spin is considered [37], [38], which reduces the conductance.
Hence, while various fabrication methods of GNRs are being
pursued [2], [5], [22], [31] [33], there is a critical need to
evaluate the applicability of GNRs as very large scale inte-
gration (VLSI) interconnects and evaluate their performance in
comparison to traditional metals (Cu and W) and CNTSs. This
will also provide guidance to the GNR interconnect fabrication
processes.

In previous works [3], [4], the conductance of both metallic
and semiconducting GNRs has been modeled and compared
with Cu and SWCNTSs. However, the assumption in [3] and
[4] that ac-GNRs can be differentiated as metallic and semi-
conducting implies that N is xed everywhere along the length
(either N =3m 1 (metallic) or N = 3m, 3m + 1 (semicon-
ducting), where m is an integer [3], [4]), which further implies
very smooth (specular) edges of GNRs, and is against the
complete diffusive edge assumption made in [3]. Although the
above assumption is not against the complete specular-edge
assumption in [4], theoretically, nanopatterning down to the
accuracy of one atom is a formidable task from a practical
point of view [26]. It should be noted that there are reports that
graphene can be cut along certain crystallographic directions
and potentially produce ac- or zz-GNRs with smooth edges
using nanoparticles [39]. However, this approach is not control-
lable: neither the diameter of the particles (which determines
the patterned slot width) nor the moving direction of the par-
ticles (which determines the patterned slot direction) can be
accurately controlled.

Due to the high resistance of single graphene layers (dis-
cussed in Section I1), it becomes necessary to use multiple
graphene layers. Additionally, it has been shown that the con-
ductivity of graphite can be enhanced by intercalation doping
by exposure to dopant vapor (e.g., AsFs [40] [42]). Recently,
intercalation doping has been proposed to enhance the con-
ductance of multilayer GNRs, and edge specularity effects
for multilayer GNRs have been studied [43]. In this paper,
details of both monolayer and multilayer GNRs are analyzed,

and conductance as well as performance comparisons among
GNRs, CNTs, Cu, and tungsten (W) are presented based on the
interconnect geometry predicted in the International Technol-
ogy Roadmap for Semiconductors (ITRS) 2007 [44] for both
local and global level interconnects. An RLC delay model for
GNR interconnects is also presented and used for comparative
performance analysis.

Il. FUNDAMENTAL PHYSICS AND MODELS
OF GNR CONDUCTANCE

The conductance of GNRs can be derived using the linear re-
sponse (small voltage drop along the length) Landauer formula
[45]: Gn, the conductance of the nth conduction mode (with
consideration of spin) in a single GNR layer, is expressed as

Tn(E)(
fo(E) = {1 +exp[(E Er)/ksT]} * @)

Gn =2¢%/h+ fo/ E)dE

where q is the elementary charge, Th(E) is the transmission
coef cient, fo(E) is the Fermi Dirac distribution function, Er
is the Fermi level, kg is Boltzmann s constant, and T is the
temperature. The integration of (1) is from |En| to +  (for
electrons) or from to |En]| (for holes), where Ep, is the
minimum (maximum) energy of the nth conduction (valence)
subband. According to the simple tight-binding model (linear
approximation near the Dirac point) [24], E, of zz-GNRs can
be expressed as [4]

Eo=0 and |En|=(|n|+1/2) * hv¢/2w forn=0 (2)
where h is Planck s constant, v¢ = 10° m/s is the Fermi veloc-
ity, and w is the width of the GNR. Fig. 4(a) shows E, as a func-
tion of the index n for a particular zz-GNR, with w = 30 nm.
Th(E) is determined by both edge scattering and scattering
by defects and phonons. The edge scattering is schematically
shown in Fig. 3(b), where cot is the ratio of longitudinal
(along the wire length) to transverse (across the wire width)
velocities. can be expressed as a function of E, and the total
energy E of an electron or hole, which is shown in (25) and
(26) in Appendix. Fig. 4(c) shows |ge=g. (EF = 0.21eV,
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Fig. 4. Modeling of zz-GNR (Eo = 0) conductance: (a) Minimum (maxi-
mum) energy of the nth conduction (valence) subband. (b) Schematic view of
edge scattering in GNRs and the de nition of . (c) for holes as a function
of n at E = Eg. [Note that |E_3| > |Eg|, which implies that E = Ef is
not allowed for n = —3 and |,=_3 =g, does not exist. See also (26)
in Appendix.] (d) Transmission coef cient Tn(E) in unit length for holes
as a function of n at E = Eg. (e) Conductance in unit length of the nth
conduction mode for both electrons and holes. Note that the negative values of
n indicate degenerate subbands or conduction modes. GNR width w = 30 nm,
Er = 021eV,andGNRlengthL Ip(=1 m).

which is below the Dirac point, implying p-type GNR) as a
function of the subband or conduction mode index n. If com-
plete diffusive edge is assumed, the transmission coef cient
due to edge scattering can be expressed by wcot /L, where
wcot is the distance that electrons/holes travel before hitting
the edge, and L is the length of the GNR. On the other hand,
due to scatterings by defects and phonons (not edge scattering),
the transmission coef cient can be expressed by Ipcos 7L,
where Ip is the MFP corresponding to such scattering. Ip cos
represents the average distance that an electron travels along the
GNR longitude direction before collision. Hence, if complete
diffusive edge is assumed, using the Matthiessen s rule, Th(E)
can be obtained by

1 L L L L
=1+ +
Th(E) Ip cos w cot Ip cos w cot

@)
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Here, the term 1 is due to the quantum conductance, which
can be ignored when L Ip. Fig. 4(d) shows LTnh(Eg) as
a function of n, assuming L Ip(=1 m). G, for both
electrons and holes as a function of n is shown in Fig. 4(e).

The total conductance of a single GNR layer (in units of S)
can be calculated as

Gn(electrons) +
n n

Giotal = Gn(holes). (4)

Equation (4) is valid for zz-GNRs. However, this is not
valid for a practical narrow ac-GNR with Ep = hveg/2w >
max{kg T, |Er |}, which can be assumed to be neither metallic
nor semiconducting due to the inability of patterning ac-GNRs
with the width accuracy of one atom. The valid expression
of conductance for ac-GNR with E, > max{kgT, |EE|}
requires further investigation, but is not discussed in this
paper. For both zz-GNRs and ac-GNRs, when Ej
max{ksT, |EF|}, the summation can be transformed to an
integration form as follows:

0
2
Gtotal = Gn(electrons)dE, +  Gp(holes)dEn
"o
®)
which can further be derived as
Gy = L2020
total — L h th
Er
2kgT In 2cosh KT func(w, Ip) (6a)
where
func(w, Ip)
_ W|D2|D+4 'Izl; " . arctanh e, b w
WIDZ'D 4 ‘f’; 'S . arctan wie . Ib<w
2In(Ip/w) +2In2 2+ w/lp, Ip w
In/2w 213 /3w?, I w.
(6b)

Note that the prefactor of 2 in (5) is from the degeneracy of
En = E . Detailed derivation of (6) is shown in Appendix.

The 2-D sheet conductance in siemens square can be derived
from (6) as

: LGtotal
Gsheet = I m ——
w w

_ 2q2 . Ip Ee

When kg T |Eg], (7) reduces to [35, eq. (4)]
29> | 2
Gsheetz%'hvli'lEFlzqF'ID'kF (8)

where kg is the wavenumber at the Fermi surface.

Fig. 5 shows the resistances of monolayer GNRs of differ-
ent widths, if Io =1 m. It can be observed that the resis-
tance difference between zz-GNRs and ac-GNRs is negligible

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 23, 2009 at 12:29 from IEEE Xplore. Restrictions apply.



























