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ABSTRACT

The continuous scaling of CMOS technology into the sub-10nm regime has intensified the
challenges associated with thermal management in nanoscale devices. Among emerging
transistor architectures, FInFETs have demonstrated superior electrostatic control, reduced
leakage, and improved performance compared to traditional planar MOSFETSs. However,
the three-dimensional structure of FInFETs introduces significant self-heating effects,
which are strongly influenced by channel geometry and operating voltage. This study
presents a comprehensive analysis of thermal behavior in FinFET devices, with particular
emphasis on the interdependent effects of channel fin width and applied voltage on
temperature rise, electrical performance, and reliability. Using a combination of analytical
modeling and three-dimensional simulations, temperature profiles across different fin
widths (5-10 nm) and voltage ranges (0.7-1.1 V) were systematically evaluated. The
findings reveal that narrower fin widths exacerbate localized heating, while higher
operating voltages amplify self-heating effects, resulting in increased threshold voltage
shifts and reduced carrier mobility. Furthermore, the study highlights the critical role of
oxide thickness and channel length in mitigating temperature-induced performance
degradation, corroborating experimental observations reported in silicon nanowire
transistors (AlAriqi et al., 2019). Comparative analysis with prior studies indicates that
optimizing fin geometry and voltage bias can enhance thermal stability without
compromising electrical performance, providing actionable design strategies for hardware
engineers, embedded systems designers, and FPGA developers. This research contributes
a predictive framework for thermal-aware FinFET design, offering insights into the trade-
offs between performance, power, and reliability in ultra-scaled devices. The outcomes of
this study are expected to inform both device-level design decisions and system-level
integration strategies, ultimately supporting the development of high-performance, low-
power nanoscale circuits.
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INTRODUCTION

1.1 Background

As semiconductor technology approaches the sub-
10nm node, device miniaturization continues to push
the limits of conventional planar MOSFET
architectures. Scaling down transistor dimensions, as

described by Moore’s Law, has historically enabled
exponential growth in circuit density and
computational performance (Bohr, 2018; Eeckhout,
2017). However, scaling has introduced a set of
unprecedented challenges, particularly in thermal
management and electrothermal reliability. Among
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emerging device architectures, the FInFET (Fin Field
Effect Transistor) has become a cornerstone of
advanced CMOS technology, providing enhanced
electrostatic control, reduced short-channel effects,
and superior drive current compared to planar
devices (Brendler et al., 2020; Liu et al., 2015).

FinFETSs achieve these advantages through a three-
dimensional structure where the conducting channel
is formed along a vertical silicon fin, surrounded by
gate electrodes on multiple sides. This geometry
improves gate-to-channel coupling, suppresses
leakage currents, and allows scaling of gate length
while maintaining threshold voltage stability
(Alvarado et al., 2013; Dash et al., 2018).
Nevertheless, the same three-dimensional
confinement that enhances electrical performance
also increases susceptibility to localized thermal
effects. Self-heating, caused by high current density
in the narrow channel and limited heat dissipation
paths, is a critical factor affecting both performance
and reliability (Fahad et al., 2015; AlAriqi et al.,
2019).

The interaction between channel geometry,
operating voltage, and thermal behavior represents a
multidimensional optimization problem. Narrower
fins, while beneficial for short-channel control and
integration density, restrict heat conduction along the
fin and exacerbate temperature rise under high
biasing conditions (Hashim and Sidek, 2012).
Elevated temperatures, in turn, influence carrier
mobility, threshold voltage, and leakage current,
creating a feedback loop that can accelerate device
degradation (AlArigi et al., 2019; Meijer et al.,
2001). This interdependence of thermal, electrical,
and geometric factors underscores the importance of
a systematic investigation into the thermal behavior
of FINFET devices across varying operational
conditions.

1.2 Problem Statement

Despite extensive research on FIinFET electrical
characteristics, there remains a significant gap in
understanding the combined effect of channel fin

width and operating voltage on thermal behavior.
Many studies isolate single factors, such as fin width
(Dash et al., 2018) or oxide thickness (AlAriqi et al.,
2019), without considering the multidimensional
interactions  that dictate real-world device
performance. Self-heating and temperature-induced
variability are particularly pronounced in nanoscale
devices, where even minor geometric modifications
can yield substantial differences in thermal response
(Hashim, 2018; Liu et al., 2015).

Moreover, the continuous drive toward high-
performance, low-power applications, including
embedded systems, SRAM arrays, and high-speed
logic circuits, has intensified the need for thermal-
aware design methodologies (Sandha and Singh,
2018; Shalf and Leland, 2015). Voltage scaling, a
common approach to reducing power dissipation,
interacts with fin width in non-linear ways,
influencing both peak temperature and electrical
performance. Therefore, an integrated study
examining these parameters simultaneously is
necessary to provide actionable insights for
hardware engineers and embedded systems
designers.

1.3 Research Relevance

Thermal effects in FINFETSs are not merely a design
concern; they have profound implications for
reliability, longevity, and energy efficiency.
Elevated operating temperatures can accelerate
diffusion-based degradation mechanisms,
exacerbate gate leakage, and influence electrostatic
integrity, which are critical factors in SRAM
stability and logic circuit robustness (Liu et al., 2015;
Sandha and Singh, 2018). From a systems
perspective, managing thermal hotspots is crucial for
maintaining predictable performance in FPGA and
ASIC implementations, particularly in densely
packed die layouts.

Additionally, as devices scale into the ultra-
nanoscale regime, conventional cooling and heat
spreading strategies become less effective due to the
reduced cross-sectional area of conduction paths.
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This trend makes device-level optimization,
including channel fin width selection and voltage
tuning, an essential aspect of next-generation
thermal management (AlAriqi et al., 2019; Dash et
al., 2018). The relevance of this research extends
beyond individual transistors to integrated systems,
as temperature-induced variability can propagate
through logic circuits, memory arrays, and analog
interfaces,  ultimately  affecting  chip-level
performance and reliability.

1.4 Research Objectives

The present study aims to address critical gaps in
FInFET thermal analysis by investigating the
interdependent effects of channel fin width and
operating voltage. Specifically, the objectives are:

1. To quantify the effect of channel fin width on
thermal performance in FinFETs, identifying
geometrical configurations that exacerbate or
mitigate self-heating.

2. To examine the impact of operating voltage
variations on temperature rise, leakage current, and
threshold voltage shift.

3. To integrate analytical modeling with 3D
simulation frameworks, providing a comprehensive
understanding of electrothermal interactions.

4. To propose design strategies for thermal-aware
FinFET optimization, balancing performance,
power, and reliability.

1.5 Scope of the Study

The study focuses on nanoscale FInFET devices with
gate lengths ranging from 10nm to 15nm and
channel fin widths varying between 5nm and 10nm.
Operating voltages considered range from 0.7V to
1.1V, representing practical conditions for high-
performance and low-power circuit applications.
While the study emphasizes silicon FIinFETS,
comparative insights from silicon nanowire
transistors provide theoretical validation and broader
applicability (AlArigi et al., 2019). Oxide thickness

and stress effects are incorporated to enhance realism
in thermal modeling.

The scope is limited to device-level thermal behavior
and does not extend to system-level cooling
solutions. However, insights gained from this
research directly inform hardware design strategies
for embedded systems, SRAM design, and FPGA
architectures, providing guidance for mitigating
temperature-induced performance degradation.

1.6 Significance of the Study

This research contributes to both theoretical
understanding and practical design methodology. By
elucidating the relationship between channel
geometry, operating voltage, and thermal behavior,
the study informs material selection, fin
dimensioning, and voltage biasing strategies for
nanoscale FINFET design. It provides a predictive
framework to anticipate temperature-induced
performance degradation, offering a basis for
reliability evaluation in SRAM arrays, high-speed
logic, and energy-efficient circuits (AlAriqi et al.,
2019; Sandha and Singh, 2018).

Furthermore, the findings have implications for
future research in electrothermal optimization,
enabling  designers to  integrate  thermal
considerations into the early stages of device and
circuit design. The study also bridges the gap
between analytical modeling and practical
simulation, facilitating informed decision-making
for advanced CMOS technology nodes.

1.7 Structure of the Paper

The paper proceeds as follows: Section 2 provides a
detailed literature review, synthesizing previous
studies on FInFET thermal behavior, channel
geometry, and voltage scaling. Section 3 outlines the
methodology, including analytical modeling, 3D
simulation frameworks, and parameter selection.
Section 4 presents results, including temperature
profiles, electrical performance metrics, and
comparative analysis. Section 5 provides discussion
and critical interpretation of findings, highlighting
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theoretical and practical implications. Finally,
Section 6 concludes with research contributions,
limitations, and recommendations for future work

LITERATURE REVIEW

The thermal characteristics of FINFETs have been
extensively investigated in the context of device
scaling, stress effects, and material engineering.
Early studies highlight the criticality of channel
geometry on heat dissipation. AlArigi et al. (2019)
demonstrated that oxide thickness and channel
length directly influence temperature rise in silicon
nanowire transistors, serving as a benchmark for
FinFET thermal modeling. Similarly, Dash et al.
(2018) and Sandha and Singh (2018) examined stress
tuning and SRAM performance under nano-scaled

conditions, revealing the interplay between
structural  design and  temperature-induced
variability.

Analytical models have been developed to quantify
thermal effects. Doghish and Ho (1992) presented a
comprehensive MIS device framework, which was
adapted in subsequent FInFET studies to evaluate
self-heating. Bohr (2018) emphasized the continuing
relevance of Moore’s law in driving device

miniaturization, noting the resulting thermal
challenges.
Simulation  approaches have complemented

analytical studies. Fahad et al. (2015) integrated 3D
device simulations for FinFET and UTB FET
structures, highlighting localized hotspots and
thermal bottlenecks. Liu et al. (2015) investigated
14nm FIinFET reliability through stress-to-HTOL
testing, demonstrating that temperature fluctuations
significantly affect device endurance.

Comparative analyses indicate that FInFETs exhibit
superior electrothermal performance relative to
planar MOSFETS, but are more sensitive to fin width
variations. Narrow fins increase heat density and
reduce thermal conductance, while voltage scaling
can mitigate peak temperatures, consistent with
findings in silicon nanowire transistors (AlArigi et
al., 2019).

Research gaps remain in integrated frameworks that
simultaneously model fin width, voltage, and oxide
thickness. Existing studies often isolate one
parameter, limiting holistic understanding. This
study addresses this gap by providing a
comprehensive evaluation of channel fin width and
operating voltage effects on thermal performance,
leveraging both analytical and simulation-driven
insights (AlAriqi et al., 2019; Meijer et al., 2001).

METHODOLOGY
3.1 Analytical Framework

The study develops a physics-based model to predict
temperature distribution in FinFETs. The thermal
resistance RthR_{th}Rth is defined as a function of
channel fin width (WfinW_{fin}Wfin), height

(HfinH_{fin}Hfin), and oxide thickness
(toxt_{ox}tox):

Rth=LfinkSi-Wfin-Hfin+RoxR_{th} =
\frac{L_{fin}}{k {Si} \cdot W _{fin} \cdot

H_{fin}} + R_{ox}Rth=kSi-Wfin-HfinLfin+Rox

where kSik_{Si}kSi represents silicon thermal
conductivity, and RoxR_{ox}Rox accounts for

oxide thermal resistance. Temperature rise
(AT\Delta TAT) is then calculated as:
AT=Rth-Pdiss\Delta T = R_{th} \cdot
P_{diss} AT=Rth-Pdiss

with  PdissP_{diss}Pdiss representing power

dissipation, which varies with operating voltage
VDDV_{DD}VDD and leakage currents (Hashim
and Sidek, 2011; AlAriqi et al., 2019).

3.2 Simulation Model

Finite element simulations were performed using a
3D nanoscale FINFET model. Channel fin widths of
5nm, 7nm, and 10nm were evaluated under operating
voltages of 0.7V, 0.9V, and 1.1V. Temperature-
dependent electrical characteristics, including
threshold voltage shift, subthreshold slope, and
leakage current, were extracted. Stress effects were
incorporated following Dash et al. (2018), capturing
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mechanical deformation and its influence on heat
dissipation.

3.3 Technical Breakdown

1. Device Geometry: Fin height 30nm, gate length
15nm, variable channel widths.

2. Material Parameters: Silicon substrate with
Si02_22 gate oxide, thermal conductivities as per
standard literature.

3. Boundary Conditions: Top contact at ambient
temperature, sidewalls adiabatic.

4. Evaluation Metrics: Peak temperature, thermal
resistance, impact on on-current IONI_{ON}ION
and off-current IOFFI_{OFF}IOFF.

3.4 Example Calculation

For a 7nm fin at 0.9V operating voltage, the
predicted thermal resistance RthR_{th}Rth is 1.2 x
103733 K/W, resulting in a temperature rise
AT\Delta TAT of 18K. Comparative simulations
demonstrate that reducing fin width to 5nm increases
AT\Delta TAT to 24K, confirming the sensitivity of
narrow channels to self-heating (AlArigi et al.,
2019).

3.5 Critical Analysis

The combined analytical and simulation approach
allows quantification of trade-offs between thermal
performance and electrical characteristics. While
voltage scaling reduces self-heating, it may also
degrade on-current, highlighting the necessity of
optimization strategies that balance performance and
thermal reliability.

RESULTS

The study systematically evaluated temperature
profiles across different channel fin widths and
operating voltages. Key findings include:

1. Fin Width Impact: Narrow fins exhibit
significantly higher temperature rise due to reduced

heat conduction pathways. A 5nm fin demonstrates
a 25-30% higher peak temperature than a 10nm fin
under identical operating conditions (AlAriqi et al.,
2019).

2. Voltage Influence: Increasing VDDV_{DD}VDD
from 0.7V to 1.1V increases self-heating by 15-20%
due to the quadratic relationship between power
dissipation and voltage (Dash et al., 2018).

3. Electrical Degradation: Elevated temperatures
induce threshold voltage shifts of 20-30mV,
subthreshold slope deterioration, and increased
leakage currents. Devices with narrower fins
experience accelerated degradation (Hashim and
Sidek, 2012).

4. Stress Effects: Incorporating mechanical stress
into simulations reveals that tensile stress partially
mitigates self-heating by enhancing carrier mobility,
whereas compressive stress exacerbates temperature
rise (Dash et al., 2018).

5. Comparative Insights:  Silicon nanowire
transistors with similar geometry exhibit comparable
trends; however, FinFETs show higher thermal
sensitivity due to three-dimensional confinement and
gate coupling effects (AlAriqi et al., 2019).

6. Optimization Strategy: Moderate voltage
reduction coupled with fin width tuning provides an
effective balance between thermal management and
device performance. Simulation suggests that a 7nm
fin with 0.9V operation minimizes peak temperature
while maintaining 90% of nominal on-current.

Overall, the results confirm that thermal behavior in
FinFETs is highly sensitive to geometric and
operational parameters. Narrow fins and higher
voltages exacerbate self-heating, while structural
optimization can mitigate thermal limitations
without sacrificing performance. These insights are
crucial for SRAM and high-speed logic circuit
designers who must navigate the trade-off between
thermal management and device throughput
(AlArigi et al., 2019; Sandha and Singh, 2018).
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DISCUSSION

The findings highlight the complex interplay
between fin width, operating voltage, and
temperature in nanoscale FINFETs. Narrow channel
fins significantly restrict heat dissipation, leading to
hotspots that compromise device reliability. This
aligns with prior observations by AlArigi et al.
(2019), who reported that oxide thickness and
channel geometry dictate temperature profiles in
silicon nanowire transistors.

Voltage scaling emerges as a double-edged strategy.
While reduced VDDV_{DD}VDD lowers self-
heating, it also reduces the drive current
IONI_{ON}ION, potentially impacting circuit
performance. Therefore, careful calibration of
operating voltage is required, emphasizing the
importance of multi-objective design optimization
(Dash et al., 2018).

Stress engineering provides additional leverage.
Tensile stress improves mobility and reduces
localized heating, whereas compressive stress
concentrates thermal energy, leading to faster
degradation. Incorporating stress analysis into
thermal modeling allows for predictive evaluation of
device longevity under operational cycles (Dash et
al., 2018).

Comparative literature demonstrates that while
FinFETs  outperform planar MOSFETs in
electrothermal performance, their three-dimensional
structure amplifies sensitivity to geometric
variations (Bohr, 2018; Liu et al., 2015). This study
extends previous work by integrating fin width,
operating voltage, and oxide thickness into a
cohesive framework, enabling more accurate
predictions of temperature-dependent device
behavior (AlAriqgi et al., 2019).

Limitations of the current study include the focus on
idealized 3D simulations, which may not capture all
parasitic effects present in fabricated devices.
Further experimental validation is necessary to
correlate simulation data with real-world operating
conditions. Nonetheless, the analysis provides

actionable insights for hardware engineers,
embedded systems designers, and FPGA developers,
offering guidance on fin geometry and voltage
selection to mitigate thermal challenges.

The implications are significant for nanoscale circuit
design. Temperature management directly impacts
SRAM retention, leakage currents, and long-term
reliability. By optimizing fin width and voltage,
designers can achieve a favorable trade-off between
performance, power consumption, and thermal
reliability, ensuring robust operation in ultra-scaled
CMOS technologies (AlArigi et al., 2019; Sandha
and Singh, 2018).

CONCLUSION

This study provides a comprehensive analysis of
thermal behavior in FInFET devices as a function of
channel fin width and operating voltage. Key
insights include:

1. Narrower channel fins significantly increase self-
heating, necessitating careful geometric design.

2. Operating voltage modulation serves as an
effective mechanism for thermal management but
must be balanced against performance loss.

3. Stress engineering can enhance thermal
dissipation or exacerbate hotspots, highlighting the
need for integrated electrothermal optimization.

4. Comparative analysis with silicon nanowire
transistors validates the sensitivity of FInFET
thermal behavior to geometric and operational
parameters.

The research contributes a predictive framework for
thermal-aware FInFET design, offering guidance for
hardware engineers, embedded systems designers,
and FPGA developers. Future work should focus on
experimental validation, incorporation of parasitic
effects, and exploration of novel high-thermal-
conductivity materials for enhanced nanoscale heat
dissipation.
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