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ABSTRACT: Copper-based interconnects employed in a
wide range of integrated circuit (IC) products are fast
approaching a dead-end due to their increasing resistivity
and diminishing current carrying capacity with scaling, which
severely degrades both performance and reliability. Here we
demonstrate chemical vapor deposition-synthesized and
intercalation-doped multilayer-graphene-nanoribbons (ML-
GNRs) with better performance (more than 20% improve-
ment in estimated delay per unit length), 25%/72% energy
efficiency improvement at local/global level, and superior
reliability w.r.t. Cu for the first time, for dimensions (down to
20 nm width and thickness of 12 nm) suitable for IC interconnects. This is achieved through a combination of GNR interconnect
design optimization, high-quality ML-GNR synthesis with precisely controlled number of layers, and effective FeCl3 intercalation
doping. We also demonstrate that our intercalation doping is stable at room temperature and that the doped ML-GNRs exhibit a
unique width-dependent doping effect due to increasingly efficient FeCl3 diffusion in scaled ML-GNRs, thereby indicating that
our doped ML-GNRs will outperform Cu even for sub-20 nm widths. Finally, reliability assessment conducted under accelerated
stress conditions (temperature and current density) established that highly scaled intercalated ML-GNRs can carry over 2 × 108

A/cm2 of current densities, whereas Cu interconnects suffer from immediate breakdown under the same stress conditions and
thereby addresses the key criterion of current carrying capacity necessary for an alternative interconnect material. Our
comprehensive demonstration of highly reliable intercalation-doped ML-GNRs paves the way for graphene as the next-
generation interconnect material for a variety of semiconductor technologies and applications.

KEYWORDS: Graphene, graphene-nanoribbon, intercalation doping, interconnect, Raman spectroscopy, contact resistance, breakdown,
resistivity

Metal interconnects based on Cu suffer from significant
size-effects, including surface and grain boundary

scatterings, when their width is scaled below 40 nm, leading
to a strongly nonlinear increase in their resistivity (Supporting
Information S1), which increases self-heating, degrades electro-
migration (EM) reliability (Figure S1e in the Supporting
Information), and thereby limits their current carrying
capacity1−3 (Figure 1a). The relatively thick and highly resistive
barrier layer that prevents Cu diffusion into dielectric layers also
contributes to the rapid increase of the resistivity.2 Recently,
graphene was proposed to be used as diffusion barrier for Cu.4,5

Although the elimination of conventional TaN/TiN barrier
layer by using a single-layer-graphene (SLG) barrier reduces the
effective resistivity of Cu, the fundamental reliability problem
arising from EM and self-heating remains unsolved (Figure 1a).
Use of other metals exhibiting lesser degree of size-effects
suffers from the same limitation, while more disruptive
solutions, such as on-chip optical interconnects, are impractical
for the scaled interconnect levels.6

Graphene is a single sheet of carbon atoms, arranged in a
hexagonal lattice,7 and held together by strong in-plane sp2

bonds. It has attracted tremendous research since its first
demonstration.8 Owing to its outstanding electrical,9 optical,
and thermo-mechanical10 properties, various graphene devices
have been demonstrated in multiple fields, including
electriconic devices,11,12 optical modulators,13 etc. By stacking
multilayers of graphene with van der Waals bonding and
patterning it into few tens of nanometers wide ribbons,
multilayer (ML)-GNR offers a promising solution to the above
interconnect scaling issues. This is primarily because of the
experimentally confirmed high current carrying capacity (>100
MA/cm2 in few-layer graphene14,15). However, in a realistic
nanoscale ML-GNR interconnect, its conductivity is limited
due to additional carrier scatterings, including intersheet
electron hopping, reduced carrier mean free path from edge
scatterings, and bandgap opening for sub-20 nm widths16

(Figure S1b in Supporting Information). To overcome these
challenges, intercalation-doped ML-GNR interconnect was first
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proposed by Xu et al.17 and theoretically proved to beat the
resistivity and performance of Cu18 by appropriate intercalation
doping level (Figure 1b) (also see Figure S1c,d in Supporting
Information). Since then, few experimental attempts have been
reported. However, they either used few-layer graphene that is
not suitable for interconnect applications, did not involve
doping that is critical for achieving necessary conductivity, or
was not optimized for circuit performance, and no reliability
and stability data were provided.19−21 To date, there is no
experimental work on doped GNRs that demonstrate both
electrical conductivity enhancement and reliability improve-
ment, which is necessary to establish the utility of GNRs as
next-generation interconnect material. In this work, more than
100 ML-GNRs (Figure 2a−h) are fabricated based on a
practical interconnect design, guided by circuit level simulations
and optimization (Figure 1d−f), and the fabricated doped GNR
interconnects are shown to exhibit comparable resistivity and
estimated better performance (lower delay per unit length)
w.r.t. Cu with identical dimensions. For the first time, a width-
dependent resistivity for undoped ML-GNR, consistent with
theory,18 and a unique width-dependent doping level for doped
ML-GNR were observed. The time-to-fail (TTF) under
accelerated stress conditions was measured, and superior
reliability/current carrying capacity of GNR interconnects was
identified.
Unique properties of ML-GNR, including extremely high

current carrying capacity, make the conventional interconnect
design approaches ineffective for maximizing the advantages of

GNR interconnects. Hence, a circuit-level interconnect
simulation and optimization specific to GNR is necessary.
Based on the Landauer formalism, which accounts for edge
scatterings and bandgap opening in narrow GNRs,18 the
conductivity of ML-GNR is calculated (Figure 1b). Addition-
ally, the GNR quantum capacitance is found to be more than 1
order of magnitude larger than the electrostatic capacitance
(Figure S2a,b in Supporting Information), and the impedance
due to magnetic and kinetic inductance22 is much smaller than
the resistance for scaled local levels (Figure S2c in Supporting
Information). Therefore, quantum capacitance and magnetic/
kinetic inductance are neglected. Our circuit level simulation
optimizes the GNR thickness by minimizing the wire delay of a
unit-size inverter driving an FO4 load (Figure 1d). The
optimized doped GNR interconnect offers better performance
(up to more than 20% improvement in delay per unit length)
than Cu (Figure 1f) and satisfies the current density required
for circuit performance (Figure S3b in Supporting Informa-
tion). Optimal thickness is found to be ∼10−15 nm for sub-20
nm width GNRs with moderate doping level (|EF| = 0.3 eV, as
observed in the experiments in Figure 3d) (Figure 1e), which is
different from that of Cu interconnects with a typical aspect
ratio (AR = thickness/width) of around 2, and this serves as a
guideline for the subsequent experiments. The reduced optimal
thickness in GNR arises due to their significantly reduced
capacitance, which in turn reduces the delay. The reduced
thickness of GNR is allowed by its superior current carrying

Figure 1. (a) Circuit-performance required current density for integrated circuit interconnects and the maximum allowed current density for Cu
interconnects with TaN and SLG barrier (from EM reliability and self-heating). The red region indicates that the required current density exceeds
the maximum allowed current density as interconnect scales down. The inset figures show the cross-sectional schematic of Cu interconnect with
TaN and SLG barrier layer. (b) Theoretical estimation showing that doped GNR’s resistivity can beat that of Cu and W (both with 1.9 nm barrier
layer) with doping level EF = −0.6 eV and edge specularity coefficient p ≥ 0.8. (c) Band structure of stage-1 FeCl3 intercalation doped ML-graphene
(inset figure). The maximum doping level (at stage-1 intercalation) is EF = −0.68 eV. The band structure for ML-GNRs remain similar to (c) down
to GNR width of 20 nm.18 (d) Schematic of an inverter driving a fan-out-of-four (FO4) load through a GNR interconnect. Rdriver is the driver
effective resistance, Cdriver and Cload represent the effective driver and load capacitances, respectively, and Rcon is the contact resistance between GNR
and metal. Values of various parameters used in delay optimization are listed in Fig. S3a in the Supporting Information. (e) The optimized thickness
for a typical 1 μm long (about 20−50 times the transistor size) GNR, by minimizing the wire delay in (d) for two different doping levels (EF = −0.3
and −0.6 eV). The optimized thickness for GNR length of 100 nm (green line) is similar to the 1 μm result (Supporting Information S3). The aspect
ratio (thickness/width) AR = 2 line highlights the importance of the GNR’s thickness optimization. Note that Cu interconnect optimized for delay
(AR < 2) does not exhibit sufficient current carrying capacity to satisfy circuit performance requirements and, therefore, is not plotted. (f) From
simulations, delay per unit length is reduced by the optimized GNR AR, compared with Cu interconnect with AR = 2 employed in current IC
technology.
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capacity w.r.t Cu that satisfies the required current density after
delay optimization (Supporting Information S3).
In order to synthesize 10−15 nm thick ML-graphene, Cu−

Ni alloy catalyst was used to precisely control the number of
graphene layers by adjusting the Cu−Ni ratio.23 A 99.8% purity
Cu foil was electropolished, and Ni was deposited on Cu foil
surface. Ni−Cu alloy was formed by annealing for 2 h, followed
by 45 min chemical vapor deposition (CVD) process (Figure
2a). Hydrogen gas flow was kept constant during the annealing
and growth step to reduce Cu/Ni oxides and counterbalance
the oxidizing impurities in the chamber for high quality ML-
graphene growth.24 The existence of ML-graphene, after
transferring to SiO2 substrate, is confirmed by Raman (Figure
2n) measurements. The ML-graphene thickness is 10 nm,
identified by atomic force microscope (AFM) (Figure 2i), and
is suitable for the optimized interconnect designs obtained from
the design optimization, even after accounting for small
thickness increase after intercalation doping (Figure 2j).
Starting from the ML-graphene, GNRs were defined by

electron beam lithography (EBL). Since negative photoresist
hydrogen silsesquioxane (HSQ) creates undeveloped residue
that is difficult to remove,14,20 a low concentration positive
resist PMMA A2 was used to define GNR patterns. A ∼20 nm
thick Ni layer was deposited on PMMA after EBL, followed by
lift-off process to create Ni lines, which were used as masks in
the oxygen plasma etching (Figure 2b). Finally, the Ni lines
were removed by diluted HCl, leaving GNRs from 280 nm
down to around 20 nm in width (Figure 2e−h). High vacuum
(<1 × 10−6 mbar) and low deposition rate (<0.3 Å/s) during
Ni deposition were found to be favorable in creating

continuous Ni lines. Relatively low electron beam accelerating
voltage (30 kV) creates undercut in E-beam resist by scattering
and helps lift-off process. An overetching of graphene by
oxygen plasma helps create narrow GNRs,27 and oxygen plasma
introduces oxygen terminations to the GNR edges (Supporting
Information S4).
Density functional theory (DFT) simulations (see details in

Supporting Information S5) show that FeCl3 intercalation
doping introduces high p-type doping (|EF| = 0.68 eV maximum
doping level for stage-1 doping) in ML-graphene (Figure 1c)
because of charge transfer between FeCl3 acceptor states and
graphene. Hence, FeCl3 intercalation doping is conducted on
GNR to enhance its electrical conductivity. The doping process
is performed under 633 K and ∼1.4 atm pressure in Ar
atmosphere for 10 h in a titanium high-pressure reactor25

(Figure 2c). The GNR samples and FeCl3 powder were placed
in the high-pressure reactor, followed by sealing the reactor,
purging-and-refilling with Ar gas, and heating up to 633 K.
FeCl3 evaporates and diffuses in between the GNR layers under
high temperature and pressure and acts as acceptors that
increases hole concentration. The Raman (Figure 2k−o), AFM
(Figure 2i,j), and backgate electrical measurements (Figure S6a
in Supporting Information S6) confirmed the existence of
intercalation doping.26 The 4-probe test structure (Figure 2d)
with Ni/Au contacts were defined by EBL after the doping
process. The surface roughness of SiO2 substrate and the line
edge roughness (LER) of GNRs are increased by FeCl3
condensation on SiO2 surface and GNR edges during the
intercalation doping process. The measured standard deviation
of LER, σ(LER) is ∼2.5 and ∼4 nm for undoped and doped

Figure 2. (a) Schematic of ML-graphene growth on Cu−Ni alloy catalyst by carbon surface segregation. (b) Transferred ML-graphene on SiO2 and
oxygen plasma etching with Ni line mask. (c) FeCl3 intercalation doping in Ar atmosphere at 633 K and 1.0−1.4 atm. (d) 4-probe test structure. (e,f)
SEM images of 4-probe test structure, with patterned GNR with 20.6 nm width. SEM image of GNR with (g) 84.1 nm and (h) 280 nm width. AFM
image of (i) undoped ML-graphene and (j) 10-h FeCl3 intercalation doped ML-graphene, indicating a 20% increase in thickness after intercalation
doping. The Raman spectrum of (k,n) undoped ML-graphene, (l,o) FeCl3 intercalation doped ML-graphene, and (m) FeCl3. D, G, and 2D peaks are
marked, indicating ML-graphene and the existence of defects normally observed in CVD ML-graphene. The A1g(H) Raman peak34 is identified in
both intercalation doped ML-graphene and FeCl3, indicating the existence of FeCl3 in doped ML-graphene. The existence of GIC peak26 also
confirms the intercalation. A 633 nm wavelength laser was used in all the Raman measurements.
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GNR, respectively (by AFM measurements, Supporting
Information S4). Nevertheless, the electrical conductivity
increases for doped GNRs because the increase in LER
scatterings is compensated by higher carrier concentration.
Further increasing the intercalation doping time and pressure

can potentially enhance GNR electrical conductivity. However,
beyond the allowed maximum intercalation doping level
(Figure 1c), additional surface/edge roughness scatterings
and surface FeCl3 impurity scatterings will degrade GNR
electrical conductivity.28

Figure 3.Measured resistivity of (a) undoped ML-GNR and (c) 10-h doped ML-GNR. (b) Measured undoped ML-GNR contact resistance. Similar
contact resistance is observed for contact resistance in doped ML-GNR. (d) The extracted doping (Fermi) level for 10 h doped ML-GNR
(Supporting Information S6). A higher doping level is observed for narrower GNRs. (e) Resistivity of Cu interconnect and doped GNR in this work,
both of 12 nm thickness (as well as with AR = 2 for Cu). According to our coupled interconnect EM and self-heating simulation,1 (Supporting
Information S1) the Cu interconnects suffer from severe reliability issue (greatly diminished current carrying capacity w.r.t required current density),
starting from ∼40 nm width (highlighted region in red), when the thickness is the same (12 nm) for both GNR and Cu (similar reliability issue will
be encountered for Cu of AR = 2 for sub-20 nm widths). Hence, Cu is unreliable for optimized sub-40 nm width interconnects, whereas doped ML-
GNR offers similar resistivity for 20 nm width with a clear trend toward even lower resistivity values for sub-20 nm widths, with extraordinary current
carrying capacity (shown in Figure 4).

Figure 4. (a) Breakdown measurements for undoped and doped GNR. The measured time-to-fail (TTF) for undoped GNR at 100 MA/cm2 (DC
stress) and 475 K is 1.8 hrs and 5.2 hrs for 20.6 and 73.5 nm width, respectively. No breakdown was observed for doped GNR (21.6 and 68.6 nm
width) even under stress conditions of 200 MA/cm2 and 475 K in 7 hrs. This establishes the outstanding reliability of FeCl3 intercalation doped
GNRs. (b) Summary of measured TTFs (using method outlined in Supporting Information S1) of doped GNR and estimated TTFs of Cu
interconnect (with and without self-heating) under stress conditions in (a). (c,d) SEM images showing open circuit failures of undoped GNR from
(a). The GNR is marked by dotted white lines. (e) Reported wire resistivity vs breakdown current density of possible candidate materials for scaled
local interconnects. These materials include reduced-graphene-oxide (RGO)-Ag composite (wire width = 20 μm, measured in air39), ML-graphene-
capped Cu (Cu-Gr) (wire width = 2 μm, measured in air40), semiconducting monolayer MoS2 (wire width = 2 μm, encapsulated in dielectric41),
semimetallic ML-WTe2 (wire width = 2 μm, measured in vacuum42), metallic TaSe3 (wire width ≈ 100 nm, encapsulated in hexagonal boron
nitride43), and doped ML-GNR in this work. The resistivities of semiconducting materials are extracted for gate voltage VG = 0 V. The breakdown
current density of our doped ML-GNR is larger than 200 MA/cm2, as indicated by the red dotted arrow.
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In this study, measurements were performed in vacuum (<5
× 10−5 mbar). The resistivity of undoped GNR from 4-probe
measurement at room temperature increases as GNR width
decreases, showing the size-effects, and is fitted by the GNR
resistance model in Figure 1b (Figure 3a). The carrier diffusion
length (lD) depicts the scatterings by defects and phonons and
is fitted as 0.1 μm (Figure 3a). This lD reflects the quality of our
CVD ML-graphene (as compared with lD ≈ 1 μm for exfoliated
suspended graphene29) and is width independent. The edge
specularity coefficient (p) describes the degree of edge
scattering and is fitted as 0.8 (Figure 3a). The total effective
scattering length (lscatter_eff), which also accounts for the edge
scattering, is extracted to be 44.13 nm for GNR width of 20 nm.
If the GNR width is scaled down to 2 nm, and by assuming the
same carrier diffusion length (lD) and edge specularity (p) in
our calculations, the corresponding lscatter_eff is reduced to 15.27
nm, in agreement with the reported ∼14 nm for ∼2 nm wide
bilayer GNR.30 The contact resistance from 4-probe measure-
ment for undoped (Figure 3b) and doped GNR is 4−8 Ω·μm.
This low contact resistance is achieved by the selection of high
work-function contact metal (Ni) and the ML-GNR that offers
relatively large contact conduction by edge contacts.31,32 FeCl3
intercalation doping (10-h) increases the ML-GNR surface
carrier concentration from 3.88 × 1013 cm−2 (undoped) to 1.75
× 1014 cm−2 (doped) (Supporting Information S6). 10-hrs
doped GNRs (Figure 3c) show smaller resistivity than 5-h
doped GNRs (Figure S6c,d in Supporting Information),
indicating a higher doping level can be achieved by longer
doping time. The extracted GNR doping levels (EF) (Figure
3d) reveal that narrow GNRs are more strongly doped with
FeCl3, as FeCl3 can diffuse in between GNR layers more
efficiently in narrower GNRs. This width-dependent doping
level promises a further decrease in resistivity for sub-20 nm
GNRs. Our measured intercalation doped GNR resistivity is
comparable w.r.t the Cu interconnect of the same AR (for 20
nm width), whereas sub-40 nm Cu interconnects can not
sustain the circuit performance required current density for AR
≤ 2 (Figure 3e). By optimizing the intercalation doping process
to achieve maximum (stage-1, Figure 1c) doping level and
improving the quality of graphene (ID ∼ 1 μm), the doped
GNR resistivity can be further reduced to < 6 μΩ-cm at 20 nm
width.18 Note that the doped GNRs were kept in nitrogen
atmosphere34 and under vacuum environment at room
temperature, and negligible change in the resistivity was
observed after more than 2 weeks. This doping stability
indicates that the above width-dependent doping level was not
caused by unstable GNR surface/edge doping.23

Time-to-fail (TTF) of undoped and doped GNR inter-
connects were measured, under 475 K and 100 and 200 MA/
cm2 DC stress, respectively, which gives the worst case TTF
(Figure 4a). GNR failure is defined as the moment when a
rapid increase (>5×) of GNR resistance (Figure 4a) occurs.
TTF is 1.8 h for a 20.6 nm wide undoped GNR and is 5.2 h for
a 73.5 nm wide undoped GNR, showing a width dependence.
No breakdown is observed for the doped GNR (21.6 and 68.6
nm widths) in the 7-h measurement, under 475 K and 200
MA/cm2 DC stress because of the increased conductivity and
smaller self-heating effect after FeCl3 intercalation doping. The
Cu interconnect TTF (Figure 4b) without considering self-
heating effect is estimated from the reported data33 for 50 nm
wide Cu wires. Note that narrower Cu wires (∼20 nm width,
identical to the GNR in Figure 4a), suffer significantly more
severely from EM because of Cu surface diffusion and thus have

much smaller TTF. Furthermore, if the self-heating effect of Cu
interconnect is considered, it will cause an immediate melting/
breakdown under 200 MA/cm2 stress1 (Figure 4b). Therefore,
the doped GNR interconnects offer unprecedented reliability
improvement, whereas Cu interconnects suffer from immediate
failure.
We note that no resistance increase over time was observed

for both doped and undoped GNR during the stress test,
indicating that electromigration, which is normally observed in
Cu and creates voids that gradually grow and increase the wire
resistance, did not contribute to GNR breakdown. Hence, the
self-heating is the major factor that contributes to a thermally
activated failure in case of undoped GNRs. The SEM images
(Figure 4c,d) show that undoped GNR breakdown (in Figure
4a) spots are close to the contacts. This is likely caused by a
combination of contact metal thermo-migration and/or fusion
(metal extrusion observed in Figure 4c,d) and GNR thermal
decomposition.35 The existence of GNR thermal decomposi-
tion is confirmed by the reduced GNR width near the
breakdown point after the stress test (Figure 4d). Note that the
reported GNR breakdown mechanism in air is the oxidation of
graphene at 873 K35 and 563 K,36 but in a practical
interconnect design, where interconnects are encapsulated by
dielectrics, the oxidation will not be a major factor. In case of
the doped GNRs, absence of any degradation or failure under
high current density and temperature stress, along with their
lower resistivity, highlights their terrific potential as next-
generation integrated circuit interconnects. Additionally, the
current carrying capacity of GNRs can be further enhanced
with high thermal conductivity dielectrics, like hexagonal boron
nitride (h-BN)37 and diamond,38 which was demonstrated to
support current density of >1 GA/cm2, albeit in micrometer
range graphene ribbons.
Compared with other candidate materials for scaled local

interconnects, our doped-GNR shows advantage in terms of
both resistivity and current carrying capacity (Figure 4e).
Despite the advantage of spin-coating preparation, the reduced-
graphene-oxde(RGO)/Ag composite is not preferable in terms
of both electrical conductance and current carrying capacity.39

MLG improves the current carrying capacity of Cu,40 but as
wire dimension scales, the MLG-capped Cu will suffer from
edge/grain boundary scatterings, as discussed previously.
Semiconducting van der Waals materials, like MoS2, do not
exhibit sufficient electrical conductivity for interconnect
applications.41 Other semimetallic or metallic van der Waals
materials, like WTe2

42/TaSe3,
43 offer moderate electrical

conductivity, and their 2D/1D nature alleviates surface
roughness scatterings at scaled dimensions. However, further
enhancement of the electrical conductivity is prohibited by the
limited carrier concentration, similar to undoped GNRs.
Therefore, an applicable and stable doping method is desired
for 2D/1D van der Waals materials’ application in future
interconnects.
In summary, FeCl3 intercalation doped ML-GNR inter-

connects with width down to ∼20 nm were demonstrated, with
resistivity (21.45 μΩ·cm) comparable w.r.t. Cu of the same
thickness (Figure 3e), while providing extremely high current
carrying capacity (no degradation after 7 h under 200 MA/cm2

and 475 K stress condition) that Cu cannot compete with
(Figure 4a,b). The achieved GNR resistivity at AR = 12 nm /
20 nm = 0.6 (Figure 3c) implies ∼25% improvement in energy
efficiency (switching energy per bit consumed by intercon-
nects) compared with Cu interconnect of AR = 2 and of the
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same width. Longer global interconnects (30 nm wide and 60
nm pitch) can allow ∼72% energy savings by using doped ML-
GNR interconnects (thickness of 12 nm) instead of Cu, under
the same timing constraint (Supporting Information S3). A
notable dependency of doping level on GNR width is
identified, which indicates that for sub-20 nm widths, GNR’s
conductivity can be further enhanced to outperform Cu at
those dimensions. Intercalation doped GNR’s superior current
carrying capacity demonstrated in this work enables optimized
(smaller) aspect-ratio for lowering capacitance and improving
circuit performance, and further scaling down of interconnects
without encountering the reliability problem that plagues Cu
and other metals. Besides the resistance to long-term
migration/reliability issue, the doped-GNR also promises
robustness against electrostatic discharge (ESD) induced
failures that damages on-chip components, including inter-
connects.44,45 Furthermore, by improving ML-graphene quality,
optimizing the doping process, and using an encapsulation
layer, the performance and energy efficiency can be further
enhanced. Additionally, the superior in-plane thermal con-
ductivity of ML-graphene w.r.t conventional interconnect
materials can be judiciously exploited to alleviate on-chip hot-
spots, and further improve performance and reliability. This
study firmly establishes the rationale and feasibility of
employing doped ML-GNR interconnects in next-generation
integrated circuits and paves the way for a carbon-based
interconnect technology.
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