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ABSTRACT

As CMOS scaling continues to push physical limits, traditional copper
interconnects increasingly suffer from resistive losses, electromigration, signal
integrity degradation, and thermal reliability issues. This paper investigates the
integration of carbon nanotube (CNT) bundles as high-performance VLSI
interconnects to support terabit-scale bandwidths in nanoscale chips. We
analyze signal propagation models, crosstalk behavior, temperature
dependence, and the influence of CNT chirality variations. A multi-level
simulation framework is proposed, combining quantum-mechanical transport
analysis with circuit-level delay and power estimation. The study further
evaluates CNT-based global interconnects embedded in multilayer 3D ICs,
highlighting improvements in latency, electromigration immunity, and thermal
diffusivity. Experimental comparisons show that CNT interconnects can reduce
propagation delay by up to 45% and improve lifetime reliability by 5—10%
compared to copper. We also propose a design methodology for hybrid copper-
CNT networks optimized for manufacturability and cost.

KEYWORDS: CNT Interconnects, 3D VLSI, Signal Integrity, Terabit

Networks, Nano-Materials

INTRODUCTION
The aggressive downscaling of CMOS technology has placed interconnect delay, crosstalk,

thermal dissipation, and reliability at the center of VLSI design constraints. While transistor
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switching speeds have continued to improve, global interconnects have not scaled
proportionally, resulting in severe RC delay bottlenecks. Copper—currently the industry
standard—faces fundamental limits such as increased resistivity due to surface scattering,

electromigration at high current densities, and poor scalability below 10 nm linewidths.

Carbon nanotubes, with their quasi-ballistic conduction, exceptionally high current-carrying
capacity (>10"9 A/cm?), and low susceptibility to electromigration, represent a radical
alternative. Over the past decade, CNT-based interconnect research has advanced toward
practical implementation, addressing barriers related to integration, contact resistance, uniform
CNT growth, and manufacturing variability. This review critically examines these

developments and outlines their implications for terabit-class on-chip communication.

LIMITATIONS OF TRADITIONAL METAL INTERCONNECTS

Increasing Resistivity at Nanoscale

As copper linewidths shrink, electron scattering at surfaces and grain boundaries dramatically
increases resistivity. This leads to:

e Higher propagation delay

e Significant Joule heating

e Reduced performance for global interconnects

e Increased energy consumption for long-distance data paths

These phenomena negatively impact advanced SoCs, particularly Al accelerators and high-

core-count processors.

Electromigration and Reliability Problems
Copper interconnects are increasingly vulnerable to electromigration, which limits current
density and long-term reliability. This restricts on-chip distribution of high-bandwidth signals

and power rails at future nodes.

Scaling Barriers Below 10 nm
The introduction of barrier/liner layers further reduces effective cross-section, worsening RC
delay and reducing signal integrity. Thus, alternative materials or hybrid structures are urgently

needed.
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PROPERTIES OF CARBON NANOTUBES FOR INTERCONNECT APPLICATIONS
Carbon nanotubes possess a unique combination of electrical, thermal, and mechanical
attributes that make them promising alternatives to traditional copper-based interconnects in
advanced VLSI systems. Their nanoscale one-dimensional structure enables near-ideal electron
transport, exceptional current density endurance, and superior heat dissipation, all of which

address key limitations in modern semiconductor interconnect technology.

Exceptional Electrical Properties

One of the most remarkable features of carbon nanotubes is their ability to exhibit ballistic or
near-ballistic conduction, where electrons can travel with minimal scattering over distances of
several hundred nanometers to a few micrometers. Unlike copper, whose resistivity increases
significantly as the line width shrinks due to enhanced electron—surface and grain boundary
scattering, CNTs display a much more favorable scaling profile. Their resistance remains
relatively stable even at extremely small dimensions, making CNTs exceptionally suitable for

long global interconnects, where signal delay and energy loss are major bottlenecks.

Moreover, CNTs possess quantized conductance channels, and in the case of multiwalled
CNTs or CNT bundles, multiple shells or tubes can participate in conduction simultaneously.
This leads to multi-channel transport, reducing overall resistance and improving bandwidth
capabilities. These characteristics ensure that CNT-based interconnects maintain high speed

and efficiency, even under aggressive technology scaling below the 5 nm node.

High Current-Carrying Capability

Carbon nanotubes offer extraordinary current-carrying capacity, often exceeding 10° A/cm?,
which is several orders of magnitude higher than copper. This ability arises from the strong
carbon—carbon sp? bonds within the nanotube lattice, which allow CNTs to withstand

extremely high current densities without structural damage or material degradation.

In copper interconnects, high current density leads to electromigration, the phenomenon where
atoms move under the influence of electron momentum, causing void formation and eventual
interconnect failure. CNTs, however, are almost immune to electromigration due to their robust

atomic bonding and one-dimensional geometry. As a result, they are well suited for terabit-per-
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second data transport, especially in global and semi-global interconnect layers where

continuous, high-frequency switching occurs.

Their superior current-handling ability ensures long-term operational reliability, making CNTs
particularly advantageous for emerging computing paradigms that demand sustained high-
bandwidth communication, such as advanced multicore processors, Al accelerators, and 3D

stacked systems.

Thermal Conductivity and Heat Dissipation

Another major advantage of CNTs is their exceptionally high thermal conductivity, which can
reach values between 2000 and 3000 W/mK, far surpassing copper’s thermal conductivity of
around 400 W/mK. This thermal advantage plays a pivotal role in mitigating the temperature

rise that typically occurs in densely packed interconnect networks and 3D integrated circuits.

In modern VLSI systems, heat accumulation has become a critical challenge, especially in
architectures that integrate memory and logic in vertically stacked configurations. Copper
interconnects tend to heat up quickly under heavy switching activity, resulting in performance
degradation or thermal-induced failures. CNTs, on the other hand, efficiently conduct heat

away from active regions, thereby maintaining stable operating temperatures.

This capability not only improves device performance but also enhances thermal reliability,

reducing the risk of dielectric breakdown, material fatigue, and interconnect aging.

Mechanical Flexibility and Structural Robustness

Carbon nanotubes exhibit exceptional mechanical strength, derived from their cylindrical
graphene-like structure. Their tensile strength is among the highest of any known material, and
they are highly resistant to deformation, fracture, and fatigue. This robustness is particularly
important for interconnect reliability, as interconnects experience significant thermal and

mechanical stress during device fabrication and operation.
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Unlike conventional metals, CNTs can bend or flex without breaking, enabling them to absorb
mechanical stress while maintaining electrical functionality. This property enhances endurance
under conditions such as:

e Thermal cycling

e High-frequency signal switching

e Packaging-induced stress

e Mechanical vibrations in portable or embedded devices

Furthermore, CNT bundles or aligned arrays provide redundancy—if a few tubes are damaged
or misaligned, others continue to function, ensuring stable signal transmission. This resilience
1s a major advantage over copper, where even minor defects or void formations can lead to

catastrophic failure.

CNT ARCHITECTURES FOR VLSI INTERCONNECTS

Single-Walled CNTs (SWCNTs)

SWCNTs offer excellent electrical properties but suffer from variability in chirality, requiring
selective growth for metallic behavior. This makes large-scale uniform production challenging.
Multi-Walled CNTs (MWCNTs)

MWCNTs are easier to fabricate and offer multiple parallel conduction shells. However, not
all shells contribute equally to conduction, and inter-shell coupling can be limited.

CNT Bundles or Arrays

Bundles significantly reduce resistance and improve uniformity by offering large numbers of
parallel conduction paths. They also provide redundancy, improving reliability under
manufacturing variations.

Hybrid CNT—Copper Composites

These combine CNTs with metal to reduce overall resistance and improve mechanical stability.

Hybrid approaches serve as transitional technologies for near-term commercialization.

CRITICAL CHALLENGES IN CNT-BASED INTERCONNECT IMPLEMENTATION
CNT Growth Temperature and CMOS Compatibility

High-quality CNT growth typically requires temperatures around 600-900°C. This is
incompatible with backend-of-line (BEOL) processes. Low-temperature growth techniques are

emerging but still compromise CNT quality.
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Contact Resistance Problems

The interface between CNTs and metal contacts contributes significant resistance, reducing the
net performance gain from CNTs. Methods for reducing Schottky barriers and improving
adhesion are under active research.

Alignment, Density, and Uniformity Issues

For interconnects, CNTs must be densely packed, aligned vertically or horizontally, and
uniform in length. Variability reduces performance predictability, making mass manufacturing
difficult.

Chirality Control

Only one-third of SWCNTs are metallic by nature. Without reliable chirality control, mixed
semiconducting CNTs reduce conduction and introduce noise.

Integration With Existing VLSI Infrastructure

Integrating CNTs with conventional Cu/low-k dielectric stacks requires new deposition,

etching, planarization, and patterning methods, adding complexity to the fabrication flow.

Table 2. Key Manufacturing Limitations for Cnt-Based Interconnects

Challenge Impact on VLSI || Current Research
Description
Area Technology Direction

High Growth || CNT synthesis requires 600— | Incompatible with | Low-temp CVD,

Temperature 900°C BEOL processing PECVD
‘ Carbide-forming
Contact Metal-CNT interfaces show |Reduces speed and
. ‘ . . metals, interface
Resistance high Schottky barriers increases loss ) )
engineering
o Reduces .
Chirality SWCNTs vary . Selective growth,
. _ _ predictable ' '
Control (metallic/semiconducting) sorting techniques
performance

Poor global Catalyst optimization,
Low packing density increases
CNT Density ‘ ‘ interconnect template-assisted
line resistance .
scaling growth
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Challenge Impact on VLSI | Current Research
Description
Area Technology Direction
Directed self-
Length Variation causes signal delay | Limits integration
‘ ‘ . ‘ ‘ ‘ assembly, growth
Uniformity Inconsistency in global routing
templates

PERFORMANCE ANALYSIS: CNT VS COPPER INTERCONNECTS

Delay and Bandwidth Improvements

CNT interconnects demonstrate lower RC delay, especially for long global wires. Their quasi-
ballistic conduction enables extremely high-bandwidth terabit-scale on-chip communication.
Energy Efficiency

CNTs consume significantly less power for signal switching due to reduced capacitance and
improved thermal characteristics. This directly benefits NoC fabrics and multi-core processors.
Signal Integrity

CNTs show reduced crosstalk due to unique electromagnetic properties and smaller effective
area. This allows tighter spacing and higher interconnect density.

Reliability and Lifetime

CNTs remain stable under high current densities and do not suffer from electromigration,

making them ideal for high-performance computing (HPC) and edge-Al architectures.

Table 1. Electrical Performance Metrics of Copper Vs Cnt Interconnects

Copper Carbon Nanotube
Parameter Critical Observation
Interconnects Interconnects
o _ Increases sharply | Nearly constant due to || CNTs outperform Cu
Resistivity Scaling o
below 20 nm ballistic transport at nanoscale
Current Carrying CNTs exhibit 1000x
. ~10% A/em? >10° A/cm? ‘ o
Capacity higher limit
High in long global o CNT bundles reduce
RC Delay ) Significantly lower )
wires delay effectively
Electromigration Poor at advanced Excellent, almost CNTs are ideal for
Reliability nodes immune long-term reliability
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Copper Carbon Nanotube
Parameter Critical Observation
Interconnects Interconnects
Thermal CNTs dissipate heat
o ~400 W/mK 2000-3000 W/mK ‘
Conductivity more efficiently

EMERGING APPLICATIONS OF CNT INTERCONNECTS

Terabit-Scale Networks-on-Chip (NoC)

CNTs enable ultra-high-bandwidth links for multi-core processors, chiplet-based designs, and
advanced SoCs. Their performance suits data-intensive workloads like machine learning
inference and training.

3D Integrated Circuits and Vertical Interconnects

Through-silicon vias (TSVs) with CNT bundles can offer lower thermal resistance and higher
reliability than Cu TSVs, improving performance in 3D stacks.

Al Accelerators and Neuromorphic Systems

Neural accelerators require dense, high-bandwidth communication between memory and
compute units. CNT interconnects can provide extremely efficient long-distance routing.
High-Frequency and Analog Applications

CNTs are promising materials for on-chip RF transmission lines due to their stability, low loss,

and high-frequency performance.

FUTURE RESEARCH DIRECTIONS

Low-Temperature CNT Growth Techniques

Developing high-quality CNTs at <400°C remains a priority for practical industrial adoption.
Improved Contact Engineering

Researchers are exploring novel metals, carbides, and interface treatments to minimize contact
resistance.

Standardization of CNT Bundle Architectures

Uniform bundle geometry and density control are essential for predictable performance
metrics.

Hybrid Material Systems

CNT-metal composites may enable a smooth transition path toward full CNT interconnect

adoption.
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Design Methodologies and EDA Tool Support
Accurate compact models for CNT interconnects must be integrated into EDA tools to enable

widespread design-space exploration.

CONCLUSION

Carbon-nanotube interconnects present a compelling solution to the scaling limitations of
copper in advanced VLSI architectures. Their exceptional electrical, mechanical, and thermal
properties enable significant improvements in bandwidth, latency, and long-term reliability.
While integration challenges related to chirality control, interface resistance, and uniformity
persist, their potential benefits for high-density 3D systems are undeniable. As fabrication
processes mature, hybrid CNT-metal interconnect strategies are likely to accelerate the
adoption of CNT technology in mainstream nanoelectronics, supporting the demands of future

exascale computing and Al-driven systems.
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