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Abstract

Conventional two-dimensional integrated circuits are increasingly limited by
interconnect delays, power density, and scaling constraints predicted by Moore’s
law. Three-dimensional (3D) integrated circuits (ICs), enabled by through-silicon via
(TSV) technology, overcome these limitations by vertically stacking dies, thereby
reducing interconnect lengths, increasing bandwidth, enhancing functionality,
and allowing higher integration density. However, noise coupling in TSV-based 3D
ICs significantly impacts signal integrity, especially at high operating frequencies.
This study proposes replacing the traditional dielectric silicon dioxide (SiO,) with
Teflon due to its lower dielectric constant and higher thermal resistivity. It provides
a comprehensive comparative analysis of copper (Cu), carbon nanotube (CNT), and
conventional semiconductor core materials using both single-liner and stacked-liner
configurations with SiO, and Teflon dielectrics at 10 GHz and 1 THz. Noise coupling
is assessed in terms of electric potential and expressed as attenuation in dB. Results
show that CNT interconnects consistently display lower noise coupling than metallic
and semiconductor cores. At 10 GHz and 4 um arc length, Teflon-CNT achieves 10.75
dB compared to 5.03 dB for SiO-Cu. At 1 THz, attenuation decreases to 13.56 dB,
representing an 8.53 dB reduction relative to Cu. Although SiO2 remains an industry-
standard dielectric, the Teflon-based stacked configuration offers superior high-
frequency isolation. Consequently, the CNT-Teflon structure emerges as a promising
solution for next-generation high-performance 3D IC systems beyond conventional
scaling limits.

Keywords: Teflon; Carbon nanotube; Through-silicon via; Noise coupling; Electrical
interference; Three-dimensional integrated circuit

1. Introduction

Over the past several decades, the continuous scaling of semiconductor devices has
been guided by Moore’s law, which predicts that the number of transistors integrated
on a chip approximately doubles every two years, leading to higher performance and
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reduced cost per transistor (Wang et al., 2019). However,
as device dimensions approach the nanometer regime,
conventional two-dimensional (2D) integrated circuits
(ICs) are increasingly facing critical challenges, including
interconnect delays, high power density, signal-integrity
degradation, and thermal management issues. In modern
ICs, interconnect delay has become a dominant factor
limiting system performance, thereby restricting further
scaling of planar architectures (Koester et al., 2008). To
overcome these limitations, three-dimensional (3D) ICs
have emerged as a promising technology that enables
vertical stacking of multiple semiconductor dies. In 3D
IC architectures, stacked dies are interconnected using
vertical interconnect structures known as through-
silicon vias (TSVs) (Zheng et al., 2016). Compared with
traditional 2D ICs, 3D ICs provide several advantages,
including reduced interconnect length, higher bandwidth,
improved performance, lower power consumption, and
increased integration density. Additionally, 3D integration
enables heterogeneous integration of different functional
components such as processors, memory modules, sensors,
and radio frequency circuits within a compact footprint,
making it highly suitable for applications such as high-
performance computing, artificial intelligence hardware,
and advanced communication systems (Cao ef al., 2021).
A typical TSV-based 3D IC architecture is illustrated in
Figure 1. In this structure, multiple semiconductor dies are
vertically stacked and electrically connected using TSVs.
Each die contains device layers and metal interconnect
layers, while TSVs provide vertical electrical paths
between stacked layers. The stacked dies are integrated
onto a silicon interposer, enabling high-density signal
routing and efficient communication between functional
blocks. Beneath the interposer, the substrate and circuit

board provide mechanical support and external electrical
connectivity (Rafi et al., 2023). This architecture allows the
integration of multiple dies, such as processors, memory
units, and other functional modules, within a single
compact package, thereby improving system performance
and functionality.

Through-silicon vias play a crucial role in enabling
vertical signal transmission between stacked dies in
3D ICs. TSVs significantly reduce interconnect lengths
compared with conventional wire bonding and flip-chip
techniques, thereby reducing propagation delay and
improving signal bandwidth (Hu et al., 2019). Moreover,
TSV-based integration improves system-level performance
and enables compact system-on-chip architectures.
Despite these advantages, TSV technology also introduces
several challenges, including thermal management issues,
mechanical stress due to coefficient-of-thermal-expansion
mismatch, electromigration, and noise coupling between
adjacent TSVs (Xu et al., 2025). Among these challenges,
noise coupling is one of the most critical factors affecting
signal integrity in TSV-based 3D ICs, particularly at high
operating frequencies. When TSVs are placed in close
proximity, capacitive and inductive coupling between
neighboring TSVs can cause signal interference and
degrade electrical performance. In addition, coupling
between TSVs and the silicon substrate further contributes
to signal distortion in high-speed circuits operating in
the gigahertz and terahertz frequency ranges (Avouris et
al., 2007). Conventionally, silicon dioxide (SiO,) has been
widely used as the dielectric liner material surrounding
TSV structures due to its good electrical insulation and
compatibility with the complementary metal-oxide-
semiconductor (CMOS) fabrication processes. However,
the relatively high dielectric constant of SiO, (k = 3.9)

Figure 1. Architecture of a through-silicon via (TSV)-based three-dimensional integrated circuit showing vertically stacked dies interconnected through
TSVs and integrated on a silicon interposer. Adapted from Cadence PCB Solutions (2018).
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increases capacitive coupling between adjacent TSVs,
leading to greater noise interference in high-frequency
applications (Yasmin et al., 2022). Therefore, alternative
low-dielectric-constant materials are being explored to
improve electrical isolation and reduce coupling effects
in TSV structures. One such promising material is Teflon
(Teflon AF 1600), which exhibits an ultra-low dielectric
constant and high thermal resistivity (Chandrakar &
Majumder, 2022). These properties make Teflon highly
suitable for reducing capacitive coupling and improving
signal integrity in high-frequency TSV-based 3D IC
systems (Fang et al., 2015). In addition to dielectric liner
optimization, the selection of TSV core material also
plays a critical role in determining electrical performance
and noise behavior. Copper (Cu) is commonly used as
the conventional TSV core material because of its high
electrical conductivity (Hwang et al., 2016). However, Cu
interconnects may suffer from electromigration, increased
power dissipation, and electromagnetic interference at
high frequencies (Pragathi et al., 2020). To overcome these
limitations, alternative materials such as carbon nanotubes
(CNTs) and semiconductor cores including polycrystalline
silicon (Poly-Si), polycrystalline germanium (Poly-Ge),
crystalline silicon (Crys-Si), crystalline germanium
(Crys-Ge), and zinc oxide (ZnO) have been investigated
(Kumar & Mohanraj, 2024b). Among these materials,
CNT interconnects are particularly promising due to their
excellent electrical conductivity, high current-carrying
capability, superior thermal conductivity, and reduced
electromagnetic interference, making them suitable for
next-generation nanoscale interconnect applications (Cho
etal.,2011).Severalresearchershaveinvestigated techniques
to reduce noise coupling in TSV-based 3D ICs (Prakash
et al., 2022). This work presents a unique noise-coupling
reduction strategy that employs electrical involvement
models. By reducing the electrical participation of wave-
carrying to victim TSVs by 22%, this new paradigm
improves system performance at higher THz frequencies
(Kumar & Mohanraj, 2024a). Polymer-based dielectric
materials, such as benzocyclobutene, have been shown
to significantly enhance electrical isolation and minimize
capacitive coupling between adjacent TSVs. Concurrently,
investigations into CNT-based interconnects demonstrate
that CNTs offer superior electrical performance and
enhanced signal integrity over conventional copper
interconnects, particularly in high-frequency applications
(Aslani-Amoli et al., 2022). The research analyzed the
performance of metal-insulator-semiconductor and
metal-semiconductor using cylindrical, tapered, annular,
and square TSVs. In 32 nm technology, a CMOS-based
linked driver-via-load configuration models each via

using an equivalent-circuit model comprising resistance,
inductance, conductance, and capacitance for metal-
insulator-semiconductor- and metal-semiconductor-
based TSV forms. The manufacturing company claims that
the electrical model effectively accounts for micro-bump
and inter-metal dielectric effects in 32 nm technology
(Chandrakar et al., 2020). Transmission losses are the
key issue for meeting customer demand. Transmission
and distribution losses may be reduced to some extent.
By deploying distributed generators and compensation
devices in distribution systems, transmission system losses
may be reduced. A low-temperature “via-last” technique
will be presented in this study (Rafi & Dhal, 2020). This
method was developed for wafer-level CMOS image
sensor packing. The design rules for the vias will be briefly
described, followed by the technological steps: glass wafer
carrier bonding onto the silicon substrate, silicon thinning,
backside technology, double-side lithography, silicon deep
etching, silicon sidewall insulation, via metallization, and
final bumping (Henry et al., 2008). Understanding how the
brain functions and how neural impulses transfer requires
robust, high-quality biosignal probes. Bio-signals are weak
and noisy; the sensor-CMOS connection length affects bio-
signal quality (Chou et al., 2014). This research examines
crosstalk effects in linked ternary logic interconnects. We
analyze crosstalk in paired Cu and Cu-multilayer graphene
(Cu-MLG) interconnects. A typical ternary inverter
is utilized to drive Cu-MLG interconnects, which are
surrounded with an MLG barrier (Badugu et al., 2020).
Poisson’s equation was used to describe the electric field,
surface charge, and silicon capacitance in relation to the
surface potential of a single TSV. Electrons, holes, and
ionized donor/acceptor charges in the p-type silicon
substrate are included in the calculations (Chang et al.,
2015). Graphene nanoribbons (GNRs), single graphene
sheets, have many of the interesting electrical, mechanical,
and thermal characteristics of CNTs (Naeemi & Meindl,
2007). Compact physical models for GNR conductance as
functions of chirality, breadth, Fermilevel, and edge electron
scatterings are provided. Motivated by these observations,
this work presents a comprehensive comparative analysis
of TSV core materials and dielectric liners to evaluate
their impact on noise coupling in TSV-based 3D ICs. In
this study, Cu, CNTs, and semiconductor core materials
are analyzed using both SiO, and Teflon dielectric liners in
single-liner and stacked-liner configurations. The analysis
is conducted at 10 GHz and 1 THz to evaluate high-
frequency signal integrity. The objective of this research is
to identify an optimal TSV configuration that minimizes
noise coupling and enhances isolation for next-generation
high-performance 3D IC systems.
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2. Through-silicon via structure and
proposed model

The TSV structure mainly consists of three fundamental
components: core material, dielectric liner, and silicon
substrate. The core material acts as the primary conducting
path for signal transmission between vertically stacked
dies, while the dielectric liner provides electrical insulation
between the TSV core and the surrounding silicon
substrate. The silicon substrate supports the TSV structure
and integrates it with the overall chip architecture. Figure
2 illustrates the TSV-based 3D IC structure, showing the
copper TSV, dielectric liner, and silicon substrate, which
together enable vertical interconnects between different
device layers. In conventional TSV structures, Cu is widely
used as the core material due to its very high electrical
conductivity and well-established fabrication technology.
However, Cu-based TSVs may introduce higher
electromagnetic interference, thermal stress, and reliability
issues, particularly under high-frequency operation. These
challenges motivate the exploration of alternative materials
that can improve signal integrity and reduce noise coupling

in 3D ICs.

Therefore, in this work, several alternative core
materials, including CNTs, Poly-Si, Poly-Ge, Crys-Si,
Crys-Ge, and ZnO, were investigated and compared with
conventional copper TSVs. These materials were selected
due to their unique electrical, thermal, and mechanical
characteristics, which can influence the performance of
TSV interconnects. Table 1 presents the electrical, thermal,
and mechanical properties of the proposed core materials,
which are considered to evaluate their effectiveness in
reducing noise coupling in TSV-based 3D IC architectures.

3. Through-silicon via structure with its
dimensions according to the International
Technology Roadmap for Semiconductors
guidelines

The proposed 3D IC model consists of four TSVs arranged
within a silicon substrate. Among these TSVs, one TSV
acts as the aggressor, which carries an electrical potential

of 1 V and serves as the primary source of signal excitation.
The adjacent TSV acts as the victim TSV, which is affected

Table 1. Material properties of through-silicon via core materials used in a three-dimensional integrated circuit

. . Carbon Crystalline Crystalline  Polycrystalline  Polycrystalline Zinc oxide
Properties Units Copper . - o1 . .
nanotubes germanlum SlllCOIl SlllCOl‘l germanlum nanowires
Relative 1 1 ~2-5 16.2 11.7 ~11.7 ~162 8.5-10
permittivity
Electrical g g . .
. S/m 5.998 x 107 ~10°-107 2.17 x 107 1.56 x 107 Varies Varies 1-10
conductivity
Heat capacity
at constant J/(kg-K) 385 ~700 322 700 ~700 ~322 40
pressure
Surface
C 1 0.5 ~0.98 0.18 0.6-0.9 0.6-0.9 0.18 0.85-0.9
emissivity
_ , ~1,300-
Density kg/m 8,940 1.400 5,323 2,330 ~2,330 ~5,323 5,600
Th 1 ~2,000-
ermal W/(mK) 400 60.2 148 ~100 ~60.2 0.6-1.0
conductivity 3,000
Y ,
oungs Pa 126x10°  ~1x10” 102 x 10° 130x10° ~130 x 10° ~102 x 10° 140 x 10°
modulus
Poisson’s ratio 1 0.34 ~0.19 0.28 0.28 ~0.28 ~0.28 0.35
Ref
clerence ohmm  1.667x10° ~10°-10° 46x 10" 6.4 % 10° ~107-10? ~4.6x 10" 10%-10°
resistivity
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Figure 2. Three-dimensional schematic of the through-silicon via (TSV)-based three-dimensional integrated circuit structure showing copper TSV,
dielectric liner, and silicon substrate used for electro-thermal analysis. Created by the authors using COMSOL Multiphysics® v6.x.

by noise coupling induced by the aggressor TSV through
the surrounding dielectric and silicon substrate. The
remaining two TSVs are configured as ground TSVs to
provide a reference potential and to reduce electromagnetic
interference within the structure. This configuration
enables the analysis of noise coupling behavior between
aggressor and victim TSVs in a 3D IC environment.
The entire TSV-based 3D IC structure is designed
according to the International Technology Roadmap for
Semiconductors guidelines, ensuring realistic geometrical
dimensions and material parameters suitable for high-
frequency interconnect analysis.

Table 2 details the specific physical dimensions, such as
a 2 um diameter and 8 um height, required to model the
electrical behavior and signal integrity of the TSV structure.
These geometric constraints, including the dielectric liner
thickness and pitch, serve as the foundational boundary
conditions for the simulation environment (Table 2).

Figure 3 illustrates the final 3D IC structure designed
according to the guidelines of the International Technology
Roadmap for Semiconductors. The model represents a
single block of a 3D IC implemented for analyzing electrical
behavior and noise coupling in TSV-based architectures.
The structure consists of a silicon substrate block in

which four cylindrical TSVs are vertically embedded.
Each TSV has a diameter of 2 um and a height of 8 pum,
while the center-to-center spacing between TSVs is 4 um.
Around each TSV, a dielectric liner of thickness 0.15 pm
is provided to electrically isolate the conductive TSV from
the surrounding silicon substrate.

Among the four TSVs, one TSV was configured as
the aggressor TSV, which carries the signal excitation
(1 V input). The adjacent TSV acts as the victim TSV,
which experiences noise due to capacitive and conductive
coupling through the silicon substrate and dielectric liner.
The remaining two TSV's were configured as ground TSVs,
which help in providing a reference potential and reducing
electromagnetic interference within the structure.

The upper portion of the structure represents the active
device layer (IC block), where circuit elements are placed.
In this work, the core material of the active region was
varied to study its impact on noise coupling, electric field
distribution, and signal integrity in the TSV-based 3D IC
structure. By changing the core material properties, such as
dielectric constant and conductivity, the coupling behavior
between aggressor and victim TSVs can be analyzed
and optimized. The color contour shown in the model
represents the normalized electric potential distribution,
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Figure 3. Three-dimensional view of potential variation using stacked layers of liner for multiple integrated circuits

ranging from 0 to 1, where red indicates the maximum
potential near the aggressor TSV and blue represents the
minimum potential regions. The gradual transition of
colors across the structure indicates the propagation of
the electric field and coupling effects within the silicon
substrate and surrounding dielectric materials.

Table 2. Through-silicon via (TSV) geometric parameters
used in the simulation

Parameter Distance
TSV diameter 2 um
TSV height 8 um
Dielectric liner thickness 0.15 pm
TSV pitch 2 um
Silicon substrate thickness 2 um
Distance between TSV's 4 pm

This model was used to evaluate how different core
materials influence noise propagation and coupling
effects in high-frequency 3D IC designs, enabling the
identification of materials that improve signal integrity and
reduce interference in advanced ICs.

4, Results and discussion

In this work, the electrical behavior of the proposed TSV-
based 3D IC model was analyzed using different dielectric
liner configurations and operating frequencies. The study
considered two dielectric liner structures: a single liner
and a stacked liner. Two operating frequencies, 10 GHz
and 1 THz, were used to investigate the effect of frequency
scaling on noise coupling and signal propagation. Two
dielectric materials were used as liner materials: SiO,
and Teflon. In addition, six different core materials (Cu,
Poly-Si, Poly-Ge, Crys-Si, Crys—Ge, ZnO, and CNTs)
were used in the active region of the IC block to evaluate
their influence on electrical coupling and field distribution.
The simulation results were analyzed in terms of electric
potential distribution, coupling behavior, and signal
propagation characteristics between aggressor and victim
TSVs.
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4.1.Single liner with silicon dioxide at 10 GHz

Figure 4 shows the electric potential variation for the
TSV structure using a single liner of SiO, at 10 GHz with
different core materials. The potential started at 1 V at the
aggressor TSV (0 um) and gradually decreased toward the
victim TSV. At the victim TSV (4 pm), the lowest potential
was observed for CNT with a value of approximately
0.37 V, while the highest potential occurred for Cu at
about 0.67 V. The corresponding attenuation values were
approximately —8.6 dB for CNT and —4.3 dB for Cu. The
higher attenuation in CNT indicates lower coupling noise
between TSVs.

4.2, Single liner with silicon dioxide at 1 THz

Figure 5 shows the electric potential variation along
the arc length for a single liner of SiO, at 1 THz with
different core materials. The potential began at 1 V at the
aggressor TSV and decreased gradually toward the victim
TSV. At the victim TSV (4 um), the lowest potential was
observed for CNT with approximately 0.41 V, while the
highest potential occurred for Cu at about 0.67 V. The
corresponding attenuation values were approximately —7.7
dB for CNT and -3.5 dB for Cu. The larger attenuation for
CNT indicates reduced coupling between aggressor and
victim TSVs.

4.3, Single liner with Teflon at 10 GHz

Figure 6 shows the electric potential variation for the TSV
structure using a single liner of Teflon at 10 GHz with
different core materials. The potential started at 1 V at the
aggressor TSV (0 um) and gradually decreased toward the
victim TSV. At the victim TSV (4 pm), the lowest potential
was observed for CNT with a value of approximately
0.37 V, while the highest potential occurred for Cu at
about 0.67 V. The corresponding attenuation values were
approximately —8.63 dB for CNT and —8.18 dB for Cu. The
higher attenuation in CNT indicates lower coupling noise
between TSVs.

4.4, Single liner with Teflon at 1 THz

Figure 7 shows the electric potential variation for the TSV
structure using a single liner of Teflon at 10 GHz with
different core materials. The potential started at 1 V at the
aggressor TSV (0 um) and gradually decreased toward the
victim TSV. At the victim TSV (4 pm), the lowest potential
was observed for CNT with a value of approximately
0.28 'V, while the highest potential occurred for Poly-Ge
at approximately 0.58 V. The corresponding attenuation
values were approximately —11.06 dB for CNT and —4.73
dB for Poly-Ge. The higher attenuation in CNT indicates
lower coupling noise between TSVs.

4.5, Stacked liner with silicon dioxide at 10 GHz

Figure 8 shows the electric potential variation for the TSV
structure using a stacked liner of SiO, at 10 GHz with
different core materials. The potential started at 1 V at the
aggressor TSV (0 um) and gradually decreased toward the
victim TSV. At the victim TSV (4 pm), the lowest potential
was observed for CNT with a value of approximately
0.33 V, while the highest potential occurred for Cu at
about 0.59 V. The corresponding attenuation values were
approximately —9.63 dB for CNT and —4.58 dB for Cu. The
higher attenuation in CNT indicates lower coupling noise
between TSVs.

4.6. Stacked liner with silicon dioxide at 1 THz

Figure 9 shows the electric potential variation for the
TSV structure using a stacked liner of SiO, at 1 THz with
different core materials. The potential started at 1 V at the
aggressor TSV (0 um) and gradually decreased toward the
victim TSV. At the victim TSV (4 um), the lowest potential
was observed for CNT with a value of approximately
0.31 V, while the highest potential occurred for Cu at
about 0.57 V. The corresponding attenuation values were
approximately —10.17 Db for CNT and —4.88 dB for Cu.
The higher attenuation in CNT indicates lower coupling
noise between TSVs.

4.6. Stacked liner with Teflon at 10 GHz

Figure 10 shows the electric potential variation for the TSV
structure using a stacked liner of Teflon at 10 GHz with
different core materials. The potential started at 1 V at the
aggressor TSV (0 um) and gradually decreased toward the
victim TSV. At the victim TSV (4 pm), the lowest potential
was observed for CNT with a value of approximately
0.31 V, while the highest potential occurred for Cu at
about 0.66 V. The corresponding attenuation values were
approximately —10.46 dB for CNT and —3.61 dB for Cu.
The higher attenuation in CNT indicates lower coupling
noise between TSVs.

4.6. Stacked liner with Teflon at 1 THz

Figure 11 shows the electric potential variation for the
TSV structure using a stacked liner of Teflon at 1 THz with
different core materials. The potential started at 1 V at the
aggressor TSV (0 um) and gradually decreased toward the
victim TSV. At the victim TSV (4 pm), the lowest potential
was observed for CNT, with a value of approximately
0.22 V, while the highest potential occurred for Cu at
about 0.63 V. The corresponding attenuation values were
approximately —13.56 dB for CNT and —8.53 dB for Cu.
The higher attenuation in CNT indicates lower coupling
noise between TSVs.

Volume 10 Issue 3 (2026)

https://doi.org/10.6977/1J0S1.202606_10(3).0006


https://doi.org/10.6977/IJoSI.202606_10(3).0006

International Journal of
Systematic Innovation Noise coupling in CNT-TSV 3D ICs

Figure 4. Electric potential variation along arc length for a single silicon dioxide liner at 10 GHz with different core materials, including copper (Cu) and
carbon nanotube (CNT)

Figure 5. Electric potential variation along arc length for a single silicon dioxide liner at 1 THz using different core materials
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Figure 6. Electric potential variation along arc length for a single liner with Teflon at 10 GHz with different core materials, including copper (Cu) and
carbon nanotube (CNT)

Figure 7. Electric potential variation along arc length for a single liner with Teflon at 1 THz with different core materials, including Poly-Ge and carbon
nanotube (CNT)
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Figure 8. Electric potential variation along arc length for a stacked liner with silicon dioxide at 10 GHz with different core materials, including copper (Cu)
and carbon nanotube (CNT)

Figure 9. Electric potential variation along arc length for a stacked liner with silicon dioxide (SiO,) at 1 THz with different core materials, including copper
(Cu) and carbon nanotube (CNT)
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Figure 10. Electric potential variation along arc length for a stacked liner with Teflon at 10 GHz with different core materials, including copper (Cu) and
carbon nanotube (CNT)

Figure 11. Electric potential variation along arc length for a stacked liner with Teflon at 1 THz with different core materials, including copper (Cu) and
carbon nanotube (CNT)
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5. Conclusion

This study analyzed noise coupling in TSV-based
3D IC structures using different liner and interlayer
materials at high frequencies. The results show that
the stacked liner configuration significantly improves
signal isolation compared to conventional structures.
Among the investigated materials, the combination
of polytetrafluoroethylene (Teflon) liner with a CNT
interlayer demonstrates the best performance. At a distance
of 4 um (victim TSV), this configuration achieved the
highest attenuation of approximately —13.56 dB, indicating
superior suppression of noise coupling. The CNT
interlayer consistently outperforms Cu due to its favorable
electromagnetic characteristics at 1 THz. Although SiO,
is widely used in semiconductor technology, the Teflon-
based stacked liner provided higher attenuation (-13.56
dB compared to —8.53 dB) for SiO, with CNT. Therefore,
the Teflon-CNT stacked liner structure was identified
as the most effective configuration for reducing noise
coupling and improving signal integrity in high-frequency
TSV-based 3D IC systems.
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