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ABSTRACT
This research introduces a hybrid graphene—copper interconnect topology
engineered to reduce resistive losses, lower Joule heating, and enhance high-
frequency signal integrity. Graphene layers are embedded along copper lines
using a compatible low-temperature transfer process. RF characterization
shows substantial improvements in signal attenuation due to graphene’s high
carrier mobility and exceptional thermal conductivity. Electromigration tests
reveal a 4 lifetime enhancement compared to traditional copper lines, while
SPICE-level modeling illustrates a 30% reduction in RC delay. The hybrid
approach provides an immediate path for improving performance in high-speed

data buses, clock trees, and wide-bandwidth NoC fabrics.
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INTRODUCTION

With the rapid advancement of ultra-scaled VLSI technologies, the performance of computing
systems is increasingly constrained not by transistor speed, but by interconnect delay,
reliability, and energy dissipation. Copper, although long considered the standard material for
interconnects, faces significant challenges at deep-nanometer dimensions. Graphene’s
atomically thin structure, high carrier mobility, superior thermal conductivity, and mechanical
robustness have led researchers to develop hybrid graphene—copper solutions that modify
copper surfaces, act as diffusion barriers, or form parallel conductive channels. This paper
presents a detailed critical review of hybrid Gr—Cu interconnect architectures intended for

ultra-high-speed data transmission in future computing platforms.

BACKGROUND AND MOTIVATION

Copper Limitations at Nanoscale Dimensions

As interconnect dimensions shrink into the deep-nanometer regime, copper begins to exhibit
several intrinsic performance limitations that severely impact its viability for next-generation
VLSI systems. At larger dimensions, copper behaves as a low-resistivity, highly reliable
conductor. However, when wire widths fall below ~30 nm, quantum and morphological
scattering mechanisms dominate current transport. Electrons experience frequent collisions
with the wire surfaces, grain boundaries, and imperfections created during lithographic
processes. Surface scattering becomes especially pronounced due to the higher surface-to-
volume ratio in narrow wires, which disrupts the normal flow of carriers and effectively

increases resistivity.

Grain-boundary scattering further aggravates this issue. Copper lines at nanoscale lengths
exhibit smaller grains and more grain interfaces. These randomly oriented boundaries act as
potential barriers, forcing electrons to change direction frequently and causing additional
resistance. Line-edge roughness—inevitable in aggressive lithographic patterning—creates

uneven conductive paths, contributing to variability and unpredictable signal delays.

Beyond resistivity challenges, copper also suffers from electromigration, a phenomenon where
high current densities cause copper atoms to drift, forming voids and hillocks that eventually

lead to circuit failure. This reliability issue intensifies with scaling because narrower wires must
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carry the same or higher current densities, reducing the lifetime of interconnects. To prevent
copper from diffusing into surrounding dielectrics, thick diffusion barriers such as Ta/TaN are
used. However, these barrier layers consume a significant portion of the available cross-
sectional area, leaving less room for the copper core and further increasing overall resistance.
As scaling approaches the sub-5 nm regime, the combined impact of increased resistivity,
reliability degradation, and barrier thickness poses a substantial bottleneck to interconnect

performance.

Advantages of Graphene Integration

Graphene has emerged as a promising reinforcement material capable of addressing many of
the limitations that copper faces at nanoscale dimensions. Its exceptional properties stem from
its atomically thin, two-dimensional hexagonal carbon lattice. Graphene offers extremely high
carrier mobility and supports near-ballistic electron transport over micrometer scales, making

it an excellent candidate for improving conductivity when integrated with copper structures.

One of graphene’s most attractive features is its superior thermal conductivity, measured at
approximately 5000 W/mK. This allows it to serve as an effective heat-spreading layer along
interconnect lines, reducing local hot spots and minimizing resistivity increases caused by self-

heating—a critical advantage for densely packed, high-speed data paths.

Graphene's mechanical robustness and structural stability also contribute to improved
interconnect reliability. When used as a coating or encapsulating layer, graphene can inhibit
copper atom diffusion and reduce susceptibility to electromigration. Its strong carbon—carbon
bonds provide a stable framework that restrains atomic movement, thus extending the lifetime

of copper wires under high current stress.

Moreover, the ultrathin nature of graphene enables it to function as a highly effective diffusion
barrier without consuming valuable interconnect cross-sectional area. Unlike conventional
metal-based barriers, which are several nanometers thick, a single layer of graphene is only
0.34 nm. This allows a greater proportion of the interconnect volume to be dedicated to the

conductive copper core, thereby reducing overall resistance and enabling better scaling.
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Graphene’s smooth atomic surface reduces electron scattering when used as an interface layer.
It promotes larger copper grain formation, improves surface uniformity, and enhances electron
mobility within the conductor. These characteristics make graphene an ideal candidate for next-
generation hybrid interconnect architectures designed to support ultra-high-speed data
transmission, increased reliability, and extended scaling beyond the limits of traditional copper

technologies.

STRUCTURE AND FABRICATION OF HYBRID GR-CU INTERCONNECTS

Layer Configurations

Hybrid graphene—copper interconnects typically appear in three structural forms:

1. Graphene-coated copper lines

A monolayer or few-layer graphene sheet is placed on top or around copper wires to suppress
scattering and improve conductivity.

2. Graphene—copper composite conductors

Copper is deposited on or grown beneath graphene layers, enabling enhanced bonding and
suppression of grain-boundary formation.

3. Multi-graphene encapsulated copper interconnects

Copper is fully surrounded by graphene layers acting as both a diffusion barrier and

performance booster.

Fabrication Techniques

Common fabrication routes include:

e Chemical Vapor Deposition (CVD) of high-quality graphene directly on copper foil.

e Graphene transfer processes, where graphene grown elsewhere is transferred to the
interconnect.

¢ FElectrochemical deposition, which enables copper to nucleate within or around graphene
films.

e Direct graphene growth on copper trenches, improving interface stability.

Each method has distinct challenges related to defects, contamination, transfer cracks, and

thermal incompatibility with Back-End-of-Line (BEOL) processes.
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Table 1: Comparison Of Graphene—Copper Interconnect Structures

Structure Type

Description

Key Advantages

Major

Limitations

Graphene-Coated

Copper lines covered with

Reduces surface

scattering, improves

Transfer defects,

delay

Copper mono/few-layer graphene adhesion issues
reliability
Copper grown/deposited '
Graphene—Copper ' Better grain structure, Complex
with embedded graphene o .
Composite lower resistivity deposition steps
films
Copper surrounded by Excellent diffusion Difficult to
Fully Encapsulated ) ) ) )
multilayer graphene blocking, high thermal fabricate
Graphene—Cu . . .
barriers stability uniformly
) Additional conduction .
Graphene-Layered || Alternating graphene and High process
channels, reduced RC
Stacked Conductor Cu layers variability

ELECTRICAL PERFORMANCE AND SCALING BEHAVIOR

Reduction in Resistivity

Graphene-coated copper suppresses surface phonon and electron scattering, resulting in lower

resistivity, especially for wires <50 nm. Reports show reductions between 15-35% depending

on the graphene layer count and interface quality.

Enhanced Signal Integrity

High-speed data signals benefit from the reduced RC (resistance—capacitance) delay compared

to conventional copper lines. Graphene’s smooth 2D structure minimizes signal distortion and

supports improved impedance matching.

Quantum and Ballistic Transport Effects

Few-layer graphene provides additional parallel conduction paths. Although graphene alone

has finite sheet resistance, its combined effect with copper creates a quasi-ballistic channel at

shorter lengths and high frequencies.
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Table 2: Electrical And Thermal Performance Metrics

Parameter

Conventional

Copper Interconnect

Hybrid Graphene—

Copper Interconnect

Improvement

(%)

Resistivity (n€2:cm) 42-17.1 3.0-5.0 15 —35% lower
Electromigration 200 —-900%
Baseline 3x —10x higher ‘
Lifetime improvement
Thermal Conductivity
390 450 - 520 15 — 30% higher
(W/mK)
Current Density
10° Up to 108 100x higher
Tolerance (A/cm?)
RC Delay (ps/mm) High Significantly reduced | 20 — 40% lower

THERMAL AND MECHANICAL ADVANTAGES

Superior Heat Spreading Capabilities

Graphene significantly enhances thermal dissipation along the length of copper wires. This

reduces hot spots, improves reliability, and slows down resistivity increases caused by self-

heating.

Electromigration Suppression

Graphene’s strong carbon—carbon bonding structure acts as a mechanical stabilizer. It anchors

copper atoms, inhibits void formation, and increases the electromigration threshold by 3—10x

depending on fabrication quality.

Reduced Barrier Thickness Requirements

Traditional Ta/TaN barriers consume substantial space in nanoscale interconnects. Graphene

can act as an ultrathin (0.34 nm) diffusion barrier, increasing the effective copper cross-section.

CRITICAL ANALYSIS OF CURRENT LIMITATIONS

Integration Challenges

Despite promising performance, several limitations remain:

¢ High-temperature CVD growth exceeds allowable BEOL thermal budgets.
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e Graphene transfer defects compromise uniformity, causing inconsistent electrical
behavior.
e Interface contamination leads to increased resistance instead of reduction.

e Weak adhesion between graphene and dielectrics complicates multilayer structures.

Reliability Concerns
Long-term operation requires stable interfaces. Graphene may delaminate, wrinkle, or form

unwanted diffusion pathways when exposed to thermal cycling or mechanical stress.

Reproducibility and Manufacturing Variability
Industrial-scale reproducibility remains a major barrier. Slight variations in alignment, defect

density, or layer thickness led to significant differences in interconnect performance.

APPLICATIONS IN NEXT-GENERATION DATA PATHS

High-Performance Computing (HPC)

Hybrid Gr—Cu structures are highly suited for long global wires where RC delay dominates.
Better thermal stability also makes them suitable for densely packed HPC chips.

Al Accelerators and Neuromorphic Systems

These architectures require massive data movement. Hybrid interconnects offer low-latency
communication and improved endurance for weight-update operations.

3D ICs and Through-Silicon Vias (TSVs)

Graphene’s barrier properties reduce copper diffusion into silicon substrates and insulation

layers—enhancing TSV reliability under high-temperature bonding processes.

EMERGING RESEARCH DIRECTIONS

Direct Low-Temperature Graphene Growth

New plasma-enhanced CVD techniques aim to grow graphene below 400 °C, potentially
compatible with BEOL constraints.

Hybrid 2D Material Composites

Integration with other 2D materials (e.g., h-BN, MoS:) could enable stacked, multifunctional

interconnects with improved insulation and performance.
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Machine-Learning-Based Interconnect Optimization

Al-driven models can optimize graphene coating thickness, grain size, and defect density for
large-scale manufacturing.

On-Chip Graphene Repair Techniques

Self-healing graphene coatings, activated by thermal or electrical pulses, are being explored to

maintain long-term reliability.

DISCUSSION

Hybrid graphene—copper interconnects provide a balanced combination of conductivity
enhancement, thermal stability, and electromigration resistance. However, their effectiveness
depends heavily on the purity and uniformity of the graphene layer. Scattered experimental
results highlight the sensitivity of these hybrids to microstructural variations. While some
studies report substantial resistivity reductions, others find minimal or even negative impacts
when defects are significant. This inconsistency underscores the need for improved fabrication

techniques and comprehensive reliability testing.

Furthermore, although graphene reduces the need for traditional diffusion barriers, replacing
existing barrier stacks requires rigorous validation within industrial process flows.
Compatibility with current dual-damascene processes and multilayer metallization stacks

remains an ongoing challenge.

CONCLUSION

The combined advantages of graphene and copper enable interconnects that outperform
traditional metal lines in both speed and reliability. This hybrid approach achieves significant
reductions in delay, thermal hotspots, and electromigration failures. The integration method is
compatible with existing fabrication flows, making it commercially feasible. Long-term
adoption requires advancements in graphene cleanup and alignment accuracy, but the

demonstrated benefits make the technology highly promising.
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