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Abstract

The integration of Carbon Nanotube Field Effect Transistors (CNTFETs) in to neuromorphic
computing systems provide significant advantage over traditional complementary metal oxide
semiconductor (CMOS) architecture particularly in energy efficiency and performance at the nanoscale
performance. However, the complexity of three dimensional (3-D) architectures introduces critical
challenges; particularly in thermal management and noise induce reliability degradation. This study
investigates the impact of thermal stress and noise on the reliability of 3-D CNTFET based
neuromorphic circuits. Utilizing device level simulations via Nano-HUB and circuit level modelling
in MATLAB, we analyze the influence of thermal effects, Random Telegraph Noise (RTN), and low
frequency noise on spiking Neural Networks (SNNs). Our findings indicate that thermal fluctuations
and noise contribute to signal variability and spike timing errors, potentially compromising the
accuracy of neural processing. The results underscore the necessity of robust thermal management and
noise mitigation strategies in the design of reliable CNTFET-based neuromorphic system.

Keywords: Carbon nanotube field effect transistor (CNTFET), Complementary metal oxide
semiconductor (CMOS), Random Telegraph Noise (RTN), Spiking Neural Network (SNN),
and Neuromorphic,

INTRODUCTION

Recent advancements in nanotechnology have paved the way for the development of cost-
effective, high-density electronic devices (Liao et al., 2011). The growing demand for energy
efficient, high performance computing systems has accelerated the evolution of neuromorphic
computing a paradigm inspired by biological neural networks to solve complex
computational tasks such as pattern recognition and decision making (Mead, 1990).
Conventional complementary metal-oxide-semiconductor (CMOS) technologies have
approached their physical scaling limits at the nanoscale, resulting in significant performance
bottlenecks. In contrast, Carbon Nanotube Field-Effect Transistors (CNTFETs) offer several
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advantages, including higher carrier mobility, reduced power consumption, and faster
operational speed (Javey et al., 2003). The nanoscale dimensions and exceptional electrical
characteristics of CNTFETs position them as promising candidates for next-generation
neuromorphic systems that emulate the function of biological neurons (Franklin, 2012).

Despite these promising properties, CNTFETs encounter several reliability challenges,
particularly when integrated into three-dimensional (3-D) architectures. Among the most
critical concerns are thermal stress and low-frequency noise, both of which degrade device
performance and long-term reliability. As 3D stacking increases the density of active devices,
effective heat dissipation becomes increasingly difficult, exacerbating thermal and electrical
stress within the system (Pop et al, 2005). These reliability concerns are particularly
pronounced in neuromorphic systems, where Spiking Neural Networks (SNNs) process time
sensitive and event driven data streams. In addition to thermal effects, noise plays a
significant role in reliability degradation. Notably, low frequency noise and Random
Telegraph Noise (RTN) have been identified as key contributors to variability and instability
in nanoscale devices (Sinha, 2007), (Meindl, 2007). These noise phenomena, which result from
charge trapping and defect fluctuations within the CNT channels, can introduce timing errors
and signal distortion. Such disturbances are especially detrimental in neuromorphic systems,
where the accuracy of spike timing is fundamental for correct neural computation. SNNs rely
on the precise spatial and temporal delivery of spikes to process and transmit information.
Consequently, even minor variations in timing caused by noise can lead to significant
computational errors. Neuromorphic systems require hardware that can replicate core
biological characteristics such as spike timing dependent plasticity, ultra-low power
consumption, and high computational efficiency (Maass, 1997). However, matching these
properties at high integration densities remains a major challenge. Traditional silicon-based
electronics, despite decades of optimization, are now encountering fundamental physical
limits as scaling continues (Lee et al., 2021).

One of the most persistent issues associated with CNTFET-based neuromorphic systems is
their thermal reliability. As CNTFETs are scaled down and densely packed in 3-D
architectures, power density increases, leading to self-heating a phenomenon in which the
heat generated during device operation raises its internal temperature. This thermal elevation
can adversely impact electrical performance by shifting the threshold voltage, increasing
leakage currents, and accelerating overall device degradation.

In 3-D integrated circuits (ICs), these effects are further compounded due to thermal
accumulation across stacked layers. Heat generated in the lower layers can become trapped
and redistributed non-uniformly, creating thermal gradients that impair the performance of
devices in upper layers (Bahar et al., 2017). Experimental and simulation studies have shown
that such thermal conditions significantly reduce device lifespan and circuit reliability,
emphasizing the need for advanced thermal management solutions (Baccar et al., 2019). Noise
is another critical reliability factor in CNTFET-based neuromorphic systems, particularly at
the nanoscale. Low-frequency noise, largely attributed to trap states at the CNT/SiO:
interface, causes random fluctuations in device characteristics such as threshold voltage and
on-current ( Masquelier et al., 2010).

When thermal and noise effects coexist, they often interact in a mutually reinforcing manner.
For instance, self-heating can amplify RTN effects in adjacent transistors, while increased
noise can degrade thermal stability, creating a feedback loop that accelerates performance
degradation.
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Recent research into 3-D CNTFET neuromorphic architectures emphasizes the urgent need
for integrated thermal and noise mitigation strategies. Techniques such as microfluidic
cooling and thermal vias have been proposed to manage heat dissipation effectively (Shin et
al., 2018). Simultaneously, enhancing CNT quality by decreasing defects and optimizing the
CNT/SiO: interface has been shown to reduce intrinsic noise and improve device
performance (Nakamura et al., 2011). At the device level, innovative CNTFET structures with
improved thermal conductivity and reduced defect density are being explored (Kim et al.,
2016). At the circuit level, redundancy based techniques such as error correction and fault
tolerant design offer promising approaches to improve reliability in neuromorphic systems
built with CNTFET technology (Sze et al., 2017).

Table 1: Some related work

S/N | Author(s) Focus area Method/tool used | Result obtained Relevance to present
research
1 Kumar et | Thermal effects in | Simulation frame | Identified  major | Highlights the
al., 2024 monolithic 3-D | work integration | temperature critical influence of
ferroelectric NeuroSim and | induced thermal
transistors for | thermal modeling | presentation organization in 3-D
DNNs degradation in 3-D | Neuromorphic
integrated system
architectures,
affecting inference
accuracy
2 Kim et al., | Employing 1/f | Experimental shows that | proposed potential
2018 noise in | analysis of FeFETs | intrinsic 1/f noise | advantage of
ferroelelctric FETs can be involved for | controlled noise in
for strengthening efficient analysis in | neuromorphic
of learning reinforcement computing
learning tasks
3 Tsai shih- | Low thermal | Characterization Industrialized Provides  insights
Hao, 2023 budget FeFETs for | and fabrication of | FeFETs with | into materials and
higher density | HZO based | improved thermal | fabrication methods
loaded  memory | FeFETs stability ~ suitable | for thermally stable
and neuromorphic for 3-D integration | neuromorphic
systems devices
4 Yang et al., | Higher potential | Experimental Attained excellent | Highlights the role
2022 neuromorphic study on | conductance of device
computing using | ferroelectric linearity and | characteristics in
ferroelectric synaptic devices symmetry, neuromorphic
synapses increasing learning | performance
accuracy
5 Wang et | Noise flexibility | Design and | Proposed neurons | Offers  alternative
al., 2020 leaky integrate and | simulation of | with enhance noise | approaches to
fire neurons using | spintronic neuron | pliability, mitigate noise
spintronic devices | models enhancing induced degradation
reliability in
neuromorphic
systems
6 Song et al., | Improving Reliability Achieved vital | Addresses reliability
2020 dependability  of | oriented mapping | reduction in circuit | challenges in
neuromorphic approach aging, improving | neuromorphic
computing  with | (RENEU) hardware lifetime | hardware design
non-volatile
memory
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7 Islam et al.,, | Cryogenic Comprehensive Explores  alternate
2022 neuromorphic review of | Highlights strategies for
hardware (CNH) cryogenic devices | advantages of | thermal noise
cryogenic reduction in
operation in | neuromorphic
reducing thermal | systems
noise and power
consumption
8 De et al, | Neuromorphic Experimental and | Demonstrated the | Provides
2021 computing ~ with | simulation based | influence of | comprehensive
ferroelectric analysis temperature, understanding  of
FinFETs under process variation, | multiple reliability
various stressors device aging, and | factors in
sparkle noise on | neuromorphic
inference accuracy | devices
9 Song et al., | Dynamicreliability | Development of | Suggests a run time | Introduces a
2021 management  in | Neuromorphic manager to | proactive approach
neuromorphic Circuit Reliability | dynamically to manage reliability
computing and Thermal | reduced load on | in neuromorphic
(DRMNC) Management neuron and | systems
(NCRTM) synapse  circuits,
enhancing
reliability with
least performance
influence
10 Pavanello | Neuromorphic Special session | Review challenges | Offers a  broad
etal, 2023 | hardware design | overview and improvements | viewpoint on
and reliability in neuromorphic | reliability
from  traditional hardware design, | considerations in
complementary focusing on | neuromorphic
metal oxide reliability ~ across | hardware design
semiconductor several
(CMOS) to technologies
emerging
technologies

This research paper investigates the impact of thermal stress and noise related degradation
on 3-D CNTFETs used for neuromorphic computing. The study employs device simulation
and circuit modeling, analyzing how thermal effects and noise influence the performance of
spiking neural networks (SNNs) and ultimately the steadfastness of neuromorphic circuits.
The outcomes offer valuable insights into mitigating these consistency challenges, thereby
managing the way for the design of more robust neuromorphic systems. However, the study
addresses the growing need for reliable, thermally stable and noise resilient neuromorphic
hardware by investigating the behavior of 3-D CNTFET-based circuits under varying thermal
and electrical stress conditions. Through detailed simulation and modeling, it aims to provide
practical insights into the design of robust spiking neural networks, bridging the gap between
nanoscale device physics and neuromorphic system-level reliability.

METHODOLOGY

The present research employed a comprehensive simulation based approach to assess the
reliability of CNTFETs in neuromorphic computing applications under thermal and noise-
induced stress. The first segment of the research focused on device level simulations using the
CNTFET tool. These simulations were designed to analyze key transistor behaviors including,
current, threshold voltage, and transconductance under changing environmental and material
conditions. Critical parameters such as chirality, gate bias, doping concentration, and oxide
thickness were manipulated to assess their effects on device performance. Furthermore, noise
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modeling was incorporated to examine the influence of Random Telegraph Noise (RTN) and
1/f noise, both of which are known to contribute significantly to performance degradation in
nanoscale devices. This stage of the study enabled the identification of how thermal stress and
charge trapping mechanisms compromise the functional stability of CNTFETs. The second
phase involved circuit level modeling using MATLAB, where Spiking Neural Networks
(SNNs) were constructed to imitate the timing and behavior of biological neurons. The
objective is to evaluate how thermally and electrically induced disturbances at the device level
propagate into system level outcomes such as spike timing accuracy, signal integrity, and
error rates. The simulation accounted for varying levels of thermal stress and electrical
resistance, which allowed the study of spike fidelity and energy efficiency under different
operating circumstances. Moreover, noise mitigation techniques were introduced to assess
their effectiveness in preserving signal reliability in the presence of RTN and low-frequency
noise. This dual level simulation framework provided a robust foundation for analyzing both
CNTFETs and neuromorphic circuit performance for microscopic physics.

RESULTS AND DISCUSSION

The simulation results revealed that oxide thickness plays a critical role in determining the
threshold voltage of CNTFETs. As the oxide layer becomes thicker, the threshold voltage falls
due to the weakened electrostatic control of the gate over the channel. While this may facilitate
easier switching, it compromises the accuracy and reliability needed in neuromorphic
systems, where stable operation is vital. A reduction in threshold voltage increases the
likelihood of unintended neuron activation, leading to potential spike timing errors in spiking
neural networks. These results propose that precise control over oxide thickness is essential
for maintaining signal accuracy and minimizing computational errors in CNTFET-based
neural architectures. Figure 1 shows how the oxide thickness affect threshold voltage as a
result of temperature rises. Temperature was also shown to significantly influence the on-state
current (L) of CNTFETs. As temperature increases, carrier mobility initially improves,
resulting in higher I, values. However, this thermal enhancement comes at the cost of
predictability. Raised current levels at high temperatures can disrupt the timing
characteristics of neuron-like signals, thereby degrading the reliability of spike transmission.
Additionally, transconductance (gm) was observed to decline steadily with rising temperature
due to increased charge carrier scattering and reduced gate control. A similar degradation
was found when increasing oxide thickness, indicating that both thermal and structural
parameters jointly affect the device’s ability to control current.

Further analysis demonstrated that transconductance decreases as oxide thickness increases,
reinforcing the need to balance performance with reliability. Although thin oxides qualify
better gate coupling and faster responses, they can also introduce leakage currents and
reliability concerns. Therefore, choosing an optimal oxide thickness is crucial to maintaining
circuit stability without losing speed. In circuit level modeling, the spike error rate was found
to decrease as resistance and threshold voltage increased, indicating that more stable neuron
output is attainable through careful electrical tuning. These patterns were consistent across
thermal and oxide variation scenarios.

Finally, the simulated neuron spike outputs exhibited biologically realistic behavior. The
spike profiles displayed characteristic sharp rises and gradual decays, closely resembling
action potentials observed in biological neurons. This reinforces the suitability of CNTFETs
for neuromorphic circuit implementation. The spike output results are also associated well
with earlier observations related to threshold voltage and transconductance, further
validating the modeling approach. Overall, the results confirm that thermal and noise effects
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have a profound impact on the behavior and reliability of CNTFET-based neuromorphic
systems.
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Figl: Threshold Voltage (V) Variation with Temperature

The graph illustrates the inverse relationship between temperature and threshold voltage (Vin)
in a CNTFET device. As the temperature increases, the threshold voltage shows a consistent
linear decline. This behavior is indicative of thermal induced modulation of carrier dynamics
within the channel. At raised temperatures, charge carriers acquire more kinetic energy,
which enhances their mobility and reduces the gate voltage required to initiate conduction.
Consequently, the transistor turns on more easily, resulting in a lower (V). While this
decrease may seem positive in terms of switching performance, it introduces significant
reliability concerns in neuromorphic systems. Lower threshold voltages can cause premature
or unintended switching, leading to inaccuracies in spike timing a critical aspect of spiking
neural networks (SNNs). This trend emphasizes the necessity for temperature aware design
considerations in CNTFET-based circuits. Keeping thermal stability is essential to ensure
predictable transistor behavior and to uphold the integrity of neural signal processing in
neuromorphic architectures while Figure 2 shows how on state changes with temperature.
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The graph presents the relationship between temperature and the on-state current (I,) in a
CNTFET device. As observed, the on current increases with rising temperature. This behavior
reflects the enhanced carrier mobility at raised temperatures, which facilitates more efficient
conduction once the transistor enters the ON state. At higher temperatures, the thermal
energy imparted to charge carriers reduces scattering resistance, allowing a larger number of
carriers to cross the channel. This results in higher drain current, thereby improving the
switching performance of the device. However, while this increase may be perceived as a gain
in conductivity, it introduces a trade off in neuromorphic applications where timing precision
and stability are critical. Excessive on current can lead to unpredictable switching behavior,
particularly under rapid temperature fluctuations. In spiking neural networks, where
information is determined in the precise timing of spikes, such instability can reduce
computational accuracy. Therefore, despite the thermal gain in I., it becomes essential to
regulate temperature and design thermal aware circuits to maintain signal integrity and
system reliability. Figure 3 indicate a decrease in transconductance. It's interesting that this
performance decline is similar to what we observed in the graph of transconductance versus
oxide thickness.
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Fig 3: Transconductance (gn) verses Temperature

The graph shows a decreasing trend in transconductance (gm) as temperature rises in a
CNTFET device. Transconductance, defined as the rate of change of the drain current with
respect to the gate voltage, is a key parameter indicating the efficiency with which the gate
controls the channel current. At lower temperatures, charge carriers in the CNTFET
experience slight scattering, allowing the gate to efficiently modulate the channel. However,
as the temperature rises, phonon scattering increases, which hampers carrier mobility and
disrupts the electrostatic control of the gate. As a result, the device becomes less responsive to
changes in gate voltage, leading to a reduction in transconductance. This decline in g directly
affects signal amplification and switching sharpness, both of which are crucial for reliable
operation in neuromorphic circuits. In spiking neural networks, where signal integrity and
fast response times are essential for accurate spike transmission, reduced transconductance
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can cause weakened neuron activation and delayed responses. Therefore, the observed trend
highlights the sensitivity of CNTFET performance to temperature variations and underscores
the importance of thermal management and material optimization in the design of high
performance neuromorphic systems. Fig 4 shows how transconductance (gn) changes with
oxide thickness (T.), you will notice something interesting.
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Fig 4: Transconductance (gm) verses Oxide Thickness (Tox)

The graph illustrates a steady decline in transconductance (gm) as the oxide thickness (Tox)
increases in a CNTFET device. This relationship underscores the crucial role of oxide scaling
in determining gate control efficiency. Transconductance reflects how effectively a transistor
can translate changes in gate voltage into variations in drain current. A thinner oxide layer
enhances the electrostatic coupling between the gate and the carbon nanotube channel,
allowing for more precise variation of the channel current. As the oxide becomes thicker, this
coupling weakens, thereby reducing the transistor's responsiveness to gate voltage changes.
The result is a drop in gn, representing poorer signal control and degraded amplification
capabilities. In neuromorphic applications, such degradation can adversely affect the accuracy
and speed of spike generation, as SNNs rely on precise and timely responses. While thinner
oxides may offer performance benefits, they also introduce potential reliability concerns such
as leakage currents and breakdown risks. Therefore, improving oxide thickness becomes a
balancing act between speed, control, and long term reliability in CNTFET-based neural
circuits. Figure 5 shows Spike Error Rate verses Resistance in CNTFET Neuron Circuit.
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Therefore, simply changing the threshold voltage can effectively improve performance,
particularly in systems that aim to imitate the human brain.
Neuron Spike Output of CNTFET Based Artificial Neuron

After plotting the Neuron Spike Output against Time graph, result shows that the graph
closely resembled a typical neural spike rising sharply, peaking, and then falling back down
as shown in figure 6.
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Fig 6: Neuron Spike Output of CNTFET Based Artificial Neuron
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The bar chart compares the ideal spike output (red) with the degraded spike output (green)
of a CNTFET-based artificial neuron over time. The ideal spike follows a well-defined,
symmetric pattern rising sharply, peaking at the midpoint, and falling symmetrically
reflecting the expected behavior of a well-regulated neural signal. On the other way, the
degraded spike output exhibits noticeable deviations in both amplitude and timing.
Specifically, the degraded spike shows reduced peak height and slight temporal increase,
indicating diminished signal strength and delayed response. This degradation is typically
attributed to factors such as thermal stress, electrical noise, or material imperfections within
the CNTFET structure. In neuromorphic systems, where precise spike timing is critical for
encoding and processing information, such degradation can lead to loss of signal reliability,
increased error rates, and reduced computational accuracy. The graph clearly highlights the
impact of environmental and material induced variability on the dynamic response of neuron-
like circuits, emphasizing the need for robust noise suppression and thermal stabilization
strategies in CNTFET-based neuromorphic design.

Implication and feature Direction

The outcomes of this study provide a deeper understanding of the reliability challenges facing
CNTFET-based neuromorphic systems, particularly under thermal and noise related stress.
Through simulation-based analysis, it was found that temperature variations and oxide
thickness significantly affect key transistor parameters such as threshold voltage, on-state
current, and transconductance. These electrical variations have direct implications for the
spike timing and computational accuracy of spiking neural networks. The results also
confirmed that signal degradation due to noise and heat can impair neural behavior,
highlighting the need for thermal aware and noise resilient design strategies. These findings
contribute meaningfully to ongoing research on energy efficient and biologically inspired
computing hardware. Looking ahead, future work should focus on bridging the gap between
simulation and physical implementation. This includes validating the presented models
through experimental measurements on fabricated CNTFET devices and conducting long
term reliability tests under practical operating conditions. Additionally, optimizing oxide
thickness and exploring advanced heat dissipation techniques will be crucial in maintaining
performance consistency. Efforts should also be directed toward circuit level enhancements,
such as integrating error correction and redundancy schemes to improve spike accuracy.
Together, these directions will support the development of robust neuromorphic systems
capable of sustaining reliable operation in real world applications.
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Table 2: comparison of the results
Author (s) Year Focus Area Methodology Key finding Gap Address in
this research
Chauhan et | 2020 Carbon nanotube field | Analytical Demonstrated No
al. effect transistor | modeling performance neuromorphic
(CNTFET) modeling improvements | reliability focus
verses  Metal
oxide field
effect transistor
(MOSFET)
Wang et al. 2021 Carbon nanotube field | Non High speed | Lacked thermal
effect transistor | equilibrium neuron like | reliability
(CNTFET) for | green function | firing response | analysis
neuromorphic (NEGF) plus
the
experimental
Igbal et al 2022 Variability in carbon | Monte  Carlo | Impact of | Did not include
nanotube field effect | simulation chirality = and | temperature
transistors (CNTFETs) | (MCS) diameter on | and oxide
device thickness effect
variability
Gupta and | 2020 3-D carbon nanotube | Compact Vertical Didn't model
Yadav field effect transistor | modeling (CM) | stacking spike error or
(CNTFETO improves spike reliability
architecture scalability
Ahmad etal. | 2019 Effects of temperature | Numerical Carrier mobility | No comparison
simulation (NS) | degrades with | or any link to
rising neuromorphic
temperature spike error
Zhang et al. 2021 Low power (LW) | Modeling and | Achieved No study of
carbon nanotube field | experimental reduced power | reliability
effect consumption under
transistor(CNTFET) temperature
design variation
Kimand lee | 2018 The error and noise in | Analytical and | Funded noise | The research
carbon nanotube field | simulation sources causing | does not
effect transistor spike  timing | simulate  the
(CNTEET) errors oxide thickness
or 3-D structure
of CNTFET
Sing et al. 2023 Device scaling and | Simulation Highlighted Didn’t address
reliability scaling  limits | the application
and failure | of
modes neuromorphic
computing
Patel et al. 2022 Carbon nanotube field | Statistical Highlighted Oxide thickness
transistor (CNTFET) | analysis chirality effect and
variability changes  and | thermal effect is
dopant affect | not is  not
device output included
Sharma etal. | 2020 Carbon nanotube field | Experimental Improved Didn’t
effect transistor | and simulation | circuit level | concentrate on
(CNTFET) circuit | method energy reliability level
design for simulation efficiency of the device
Shulaker et | 2017 Hardware system for | Experimental Demonstrated Lacked of
al. neuromorphic fabrication carbon detailed
(Neuromorphic nanotube baaed | reliability and
hardware) neural network | temperature
prototypes analysis
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Sahoo et al. 2021 Noise and modeling of | Simulation Explored noise | Spike error and
device impact on | oxide thickness
carbon not analyzed
nanotube field
effect transistor
(CNTFET) on
state
Gao et al. 2019 Carbon nanotube field | Numerical Showed Neuromorphic
effect transistor | modeling significant computing
(CNTEFET) thermal performance context not
effect degradation at | included
high
temperatures
Sayed et al. 2022 Reliability and scaling | Simulation and | Discussed Didn’t
of carbon nanotube | analysis degradation mentioned
field effect transistor mechanisms anything like
(CNTEFET) and device | brain inspired
scaling computing
application
This work 2025 Reliability in | NanoHUB and | Investigates Unique
neuromorphic carbon | MATLAB combined effect | integration of
nanotube field effect | simulation of temperature, | reliability =~ for
transistor (CNTFET) oxide and spike | brain inspired
error carbon
nanotube field
effect transistor
(CNTFET)
CONCLUSION

The findings from this study highlight the significant influence of thermal and noise related
effects on the performance and reliability of 3-D CNTFET-based neuromorphic systems.
Device level simulations demonstrated that parameters such as threshold voltage, on state
current, and transconductance are all highly sensitive to temperature variations and oxide
thickness. These shifts, though sometimes subtle, can critically affect the timing and stability
of spike signals, which are foundational to the functionality of spiking neural networks. At
the circuit level, it became evident that both thermal stress and electrical noise particularly
Random Telegraph Noise (RTN) and 1/f noise can introduce variability that undermines
computational accuracy. Errors in spike timing were directly linked to changes in device
behavior induced by environmental conditions. Despite these challenges, the study confirms
that CNTFETs retain the essential capability to mimic neuron-like behavior, especially when
their design is optimized for thermal stability and electrical robustness. To build reliable
CNTFET-based neuromorphic systems, careful attention must be given to both material level
parameters (such as oxide thickness and CNT quality) and circuit level strategies (including
noise filtering and thermal management). This dual focus is essential to overcoming the
physical limitations encountered at the nanoscale and ensuring consistent long term operation
in practical neuromorphic hardware.
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