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Abstract

Modern computing systems rely on two fundamental components, logic and memory, whose co-
optimization determines overall performance, energy efficiency, and reliability. Continuous technology
scaling has significantly improved transistor performance and integration density across both front-
end-of-the-line (FEOL) and back-end-of-the-line (BEOL) layers. Advanced technology nodes, such as
Fully Depleted Silicon-on-Insulator (FDSOI) and Fin Field-Effect Transistor (FinFET), exemplify these
advancements by enabling improved power, performance, and area (PPA).

However, continued scaling also increases the susceptibility of devices and interconnects to reliability
degradation mechanisms, including Negative-Bias Temperature Instability (NBTI), electromigration
(EM), and radiation-induced soft errors. These effects pose significant challenges to circuit lifetime and
functional safety in modern electronic systems.

The interaction of these reliability mechanisms further complicates device behavior and circuit stability.
Degradation in one domain can exacerbate failures in another; for example, FEOL transistor aging and
BEOL interconnect degradation can jointly impact timing margins and noise immunity at the circuit
level. As a result, reliability has evolved into a multi-scale challenge spanning device, circuit, layout, and
system domains, requiring coordinated mitigation strategies across all abstraction levels. Addressing
these challenges demands comprehensive modeling and simulation frameworks that establish a clear link
between physical degradation mechanisms and circuit- and system-level performance.

This thesis focuses on three key reliability concerns: radiation effects, NBTI, and EM. The first
objective is to develop accurate reliability evaluation and improvement methodologies for circuit-level
lifetime estimation under these degradation mechanisms. To achieve this, a device-to-circuit co-simulation
framework is proposed, combined with multi-scale co-optimization techniques to capture interactions
between device- and circuit-level effects.

Electronic design automation (EDA) tools, ranging from device-level Technology Computer-Aided
Design (TCAD) simulators to circuit-level SPICE models, play a crucial role in bridging semiconductor
physics and design implementation, enabling multi-scale reliability analysis. However, as technology
nodes advance, EDA workflows become increasingly complex and computationally expensive, limiting
the efficiency of reliability evaluation. Within the context of Design—Technology Co-Optimization
(DTCO) and System—Technology Co-Optimization (STCO), there is a growing need for efficient and
automated multi-scale modeling frameworks.

The second objective of this thesis is to leverage machine learning techniques, including artificial
neural networks (ANNs) and Large Language Models (LLMs), to accelerate reliability estimation and
simulation, thereby improving the efficiency of reliability-aware design methodologies.
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Zusammenfassung

Moderne Rechensysteme basieren auf zwei grundlegenden Komponenten — Logik und Speicher — deren
gemeinsame Optimierung die Gesamtleistung, Energieeffizienz und Zuverlédssigkeit bestimmt. Die
kontinuierliche Technologieskalierung hat die Transistorleistung und Integrationsdichte sowohl in der
Front-End-of-Line- (FEOL) als auch in der Back-End-of-Line- (BEOL) Ebene erheblich verbessert.
Fortschrittliche Technologieknoten wie Fully Depleted Silicon-on-Insulator (FDSOI) und Fin Field-Effect
Transistor (FinFET) veranschaulichen diese Entwicklungen und erméglichen eine Optimierung von
Leistung, Performance und Fliche (PPA).

Mit fortschreitender Skalierung steigt jedoch gleichzeitig die Anfilligkeit von Bauelementen und Inter-
connects gegeniiber Zuverladssigkeitsmechanismen wie Negative-Bias-Temperature-Instability (NBTI),
Elektromigration (EM) sowie strahlungsinduzierten Soft Errors. Diese Effekte stellen erhebliche Heraus-
forderungen fiir die Lebensdauer und funktionale Sicherheit moderner elektronischer Systeme dar.

Das Zusammenspiel dieser Zuverlédssigkeitsmechanismen erschwert zusétzlich das Verhalten von
Bauelementen und die Stabilitit von Schaltungen. Degradationsprozesse in einer Domine kdnnen
Ausfille in einer anderen verstirken; beispielsweise konnen FEOL-Transistoralterung und BEOL-
Interconnect-Degradation gemeinsam die Zeitreserven und Storfestigkeit auf Schaltungsebene beeinflussen.
Dadurch hat sich Zuverléssigkeit zu einer doméneniibergreifenden Herausforderung entwickelt, die
Bauelement-, Schaltungs-, Layout- und Systemebenen umfasst und koordinierte Gegenmaflnahmen
iiber alle Abstraktionsebenen hinweg erfordert. Die Bewéltigung dieser Herausforderungen erfordert
umfassende Modellierungs- und Simulationsansitze, die physikalische Degradationsmechanismen mit
der Leistungsfihigkeit auf Schaltungs- und Systemebene verkniipfen.

Diese Arbeit konzentriert sich auf drei zentrale Zuverldssigkeitsaspekte: Strahlungseffekte, NBTI und
EM. Das erste Ziel besteht darin, prazise Methoden zur Zuverlissigkeitsbewertung sowie zur Verbesserung
der Schaltungslebensdauer unter Beriicksichtigung dieser Degradationsmechanismen zu entwickeln.
Hierzu wird ein Bauelement-zu-Schaltung-Co-Simulationsansatz vorgeschlagen, der mit Multi-Scale-
Co-Optimierungsstrategien kombiniert wird, um die Wechselwirkungen zwischen Bauelement- und
Schaltungsebene abzubilden.

Werkzeuge der Electronic Design Automation (EDA), die von bauelementbasierten Technology-
Computer-Aided-Design-(TCAD)-Simulationen bis hin zu schaltungsbasierten SPICE-Modellen rei-
chen, spielen eine zentrale Rolle bei der Verkniipfung von Halbleiterphysik und Schaltungsdesign
und ermoglichen eine multiskalige Zuverlédssigkeitsanalyse. Mit fortschreitenden Technologieknoten
werden EDA-Workflows jedoch zunehmend komplex und rechenintensiv, was die Effizienz der Zuver-
lassigkeitsbewertung einschrankt. Im Kontext von Design—Technology Co-Optimization (DTCO) und
System—Technology Co-Optimization (STCO) besteht daher ein wachsender Bedarf an effizienten und
automatisierten Multi-Scale-Modellierungsansitzen.

Das zweite Ziel dieser Arbeit besteht darin, Methoden des maschinellen Lernens, einschlieBlich
kiinstlicher neuronaler Netze (ANNs) und groBer Sprachmodelle (LLMs), einzusetzen, um die Zuverlas-
sigkeitsbewertung und Simulation zu beschleunigen und somit die Effizienz zuverladssigkeitsorientierter
Entwurfsverfahren zu verbessern.
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1. Introduction

Continuous scaling of semiconductor technologies has enabled remarkable improvements in computational
performance, energy efficiency, and integration density over the past decades. Emerging transistor
architectures such as FDSOI and FinFET technologies have significantly improved switching characteristics
and power efficiency of modern integrated circuits. However, aggressive scaling of both FEOL devices
and BEOL interconnects has simultaneously introduced substantial reliability challenges that increasingly
limit the achievable performance and lifetime of modern semiconductor systems.

In deeply scaled technology nodes, reliability concerns are no longer restricted to isolated degradation
phenomena. Instead, FEOL transistor aging, BEOL interconnect degradation, process variation, voltage
scaling, and radiation-induced transient effects strongly interact across multiple abstraction levels,
including device, circuit, layout, and architecture. Such interactions considerably complicate the
reliability behavior of modern integrated circuits. For instance, transistor aging mechanisms such as NBTI
gradually increase transistor threshold voltage and degrade transistor drive strength, while EM in scaled
BEOL interconnects increases parasitic resistance. At the circuit level, these degradation mechanisms
collectively increase signal delay and reduce timing margins. Consequently, long-term reliability
prediction and Silicon Lifecycle Management (SLM) strategies become increasingly challenging. At the
same time, reduced supply voltage and shrinking node capacitance increase the sensitivity of modern
circuits to radiation-induced soft errors.

These reliability challenges strongly affect modern memory and logic structures widely used in deeply
scaled computing systems. Memory structures such as Static Random Access Memory (SRAM) and
register files, as well as sequential logic structures including latches, are extensively used in processors,
graphics processing units (GPUs), and System-on-Chip (SoC) designs. As transistor dimensions and
interconnect pitches continue to shrink, these structures become increasingly sensitive to FEOL and
BEOL aging mechanisms, process variation, and radiation-induced transient effects. Reduced transistor
drive strength, increased parasitic resistance, and tighter voltage margins significantly degrade timing
behavior, operational lifetime, and overall reliability.

Beyond conventional CMOS logic styles, low-power circuit techniques further exacerbate reliability
challenges in scaled technologies. Pass-Transistor Logic (PTL) structures achieve improved energy
efficiency and reduced transistor count, leading to degraded voltage swing and weaker noise margins,
making them increasingly susceptible to transient radiation effects and process variation.

Existing reliability studies mainly focus on individual degradation mechanisms or isolated abstraction
levels. However, degradation at one abstraction level can significantly exacerbate failures at another
level. For example, NBTI-induced threshold voltage shifts may worsen timing sensitivity to transient
radiation effects, while EM-induced interconnect resistance increase can further aggravate SRAM delay
degradation and write failures. Similarly, aggressive voltage scaling can improve energy efficiency
while simultaneously reducing noise margins. These interactions demonstrate that modern reliability
challenges are fundamentally multi-scale in nature. Therefore, comprehensive device-to-circuit reliability
analysis and co-optimization methodologies are required to properly address reliability challenges in
state-of-the-art semiconductor technologies without introducing unacceptable overheads in PPA.

Besides the reliability challenges themselves, accurate reliability evaluation in scaled semiconductor
technologies has become increasingly computationally expensive. Reliability analysis often requires
TCAD simulations, SPICE-level circuit analysis, and large-scale statistical methodologies such as Monte
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Carlo (MC) simulation, resulting in substantial simulation overhead and modeling complexity. Therefore,
efficient reliability-oriented EDA methodologies are becoming increasingly important.

Recently, Artificial Intelligence (Al)-assisted methodologies, particularly Machine Learning (ML)-
and LLM-based approaches, have demonstrated strong potential for accelerating reliability analysis and
improving the efficiency of EDA-related workflows. Al-assisted methodologies can significantly reduce
simulation overhead and improve the automation of reliability-oriented semiconductor design flows. In
particular, LLM-assisted automation can improve the productivity of TCAD and EDA workflows by
automating simulation setup generation, parameter optimization, and reliability-oriented scripting tasks.

Motivated by these challenges, this thesis aims to establish multi-scale reliability analysis and aging-
aware evaluation methodologies for advanced semiconductor memory and logic structures by jointly
considering FEOL transistor degradation, BEOL interconnect aging, and radiation-induced transient
effects under aggressive technology scaling. Furthermore, this work explores ML- and LLM-assisted
approaches for improving the efficiency of reliability-oriented simulation and EDA automation.

1.1. Contributions and Research Directions

This thesis focuses on both transient reliability challenges and long-term degradation mechanisms in
advanced semiconductor technologies. Transient reliability issues mainly originate from radiation-
induced soft errors and signal integrity degradation in low-voltage logic structures. Long-term reliability
concerns include transistor aging and interconnect degradation mechanisms such as NBTI and EM.
These degradation mechanisms strongly affect the functionality, timing behavior, stability, and lifetime of
modern memory and logic circuits.

In the scope of this thesis, transient fault propagation in nanoscale logic structures is first investigated
under technology scaling. Secondly, the impact of aging and radiation effects on advanced memory
and storage structures is analyzed by considering both FEOL and BEOL reliability challenges. Finally,
Al-assisted methodologies are explored for improving the efficiency and automation of reliability-oriented
EDA workflows.

1.1.1.  Soft Error Analysis in Advanced Logic Structures

In advanced technology nodes, reduced supply voltage and shrinking node capacitance significantly
increase the sensitivity of logic circuits to radiation-induced transient effects. In this thesis, the reliability
of PTL structures under radiation-induced Single Event Transients (SETs) is investigated. Compared with
conventional CMOS logic, PTL structures exhibit reduced voltage swing and degraded noise margins,
making them more susceptible to transient pulse propagation and functional errors.

To accurately analyze the reliability of PTL circuits, SET propagation behavior is investigated under
different logic styles and operating conditions. Furthermore, ML-assisted methodologies are developed
for efficient prediction and estimation of SET behavior and accelerate the estimation of soft error rate
(SER). The proposed approaches significantly reduce simulation complexity while maintaining acceptable
accuracy compared with conventional MC-based simulations.

1.1.2. Aging and Radiation Reliability Analysis in Memory and Storage Structures

In scaled semiconductor technologies, the reliability of SRAM arrays, register files, and latch structures
is increasingly affected by both FEOL transistor degradation and BEOL interconnect aging. In particular,
transistor aging mechanisms such as NBTI degrade SRAM writability and read stability, while EM-
induced interconnect degradation weakens voltage delivery and further aggravates memory reliability
degradation in scaled BEOL structures.
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Furthermore, this thesis explores aging-aware testing and sensitization methodologies for earlier
detection of aging-induced SRAM failures. Detecting degradation before catastrophic in-field failures
occur is essential for enabling effective SLM strategies and remaining lifetime estimation.

Additionally, the interaction between FEOL transistor scaling, BEOL interconnect scaling, and operating
conditions is investigated to provide reliability-aware insights for SRAM design, testing, and mitigation
under aggressive technology scaling.

In addition to aging-related reliability challenges, reduced node capacitance and aggressive voltage
scaling considerably increase the susceptibility of memory and storage structures to radiation-induced
soft errors. Therefore, this thesis also investigates radiation-induced transient faults in latches, SRAM
arrays, and register files, together with technology-dependent mitigation methodologies for improving
soft-error resilience.

1.1.3. Al-Assisted EDA Automation

Accurate reliability evaluation of modern semiconductor technologies requires computationally expensive
TCAD simulations and SPICE-level circuit analysis. Therefore, improving the efficiency and automation
of reliability-oriented EDA workflows is another research direction of this thesis.

In this work, LLM-assisted methodologies are explored for automating TCAD-related workflows
and EDA scripting tasks. Modern semiconductor reliability analysis often requires extensive manual
generation and optimization of simulation scripts, process configurations, and parameter setups. Therefore,
Al-assisted automation frameworks can substantially improve productivity and reduce manual effort in
reliability-oriented semiconductor design flows.

1.2. Dissertation Outline

This thesis is organized into the chapters as follows:

* Chapter 2 reviews the essential background required for this thesis, including technology scaling,
PTL circuits, SRAM and storage structures, radiation-induced soft errors, NBTI, EM, and
Al-assisted EDA methodologies.

* Chapter 3 proposes a machine-learning-based framework for fast gate-level SER estimation in PTL
circuits by modeling SET propagation behavior.

* Chapter 4 presents a machine-learning-based structural SET modeling approach for PTL circuits,
enabling reusable transistor-structure-level transient propagation analysis.

* Chapter 5 investigates the combined impact of radiation-induced transient effects and NBTI aging
on latch timing behavior in 22 nm FDSOI technology.

* Chapter 6 analyzes the combined effects of FEOL transistor aging and BEOL interconnect
degradation on SRAM writability in 22 nm FDSOI technology.

* Chapter 7 extends the combined FEOL/BEOL aging analysis to 12 nm FinFET SRAM and proposes
an aging-aware testing methodology for earlier failure prediction and remaining lifetime estimation.

» Chapter 8 presents a unified analysis of transistor and interconnect scaling effects on SRAM
aging behavior across FDSOI and FinFET technologies. Furthermore, aging-aware sensitization,
voltage-scaling-based earlier detection, and Dynamic Voltage and Frequency Scaling (DVFS)-based
mitigation methodologies are proposed for improving SRAM lifetime and reliability.
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* Chapter 9 analyzes radiation-induced soft errors in SRAM-based register files and evaluates
technology-dependent mitigation strategies.

* Chapter 10 presents ChatTCAD, an LLM-assisted framework for automated TCAD simulation file
generation and reliability-oriented EDA workflow automation.

* Chapter 11 concludes this thesis with a summary of the main findings and possible future research
directions.
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2.1. Technology Scaling Challenges

For decades, continuous transistor scaling driven by Moore’s law [9] has enabled remarkable improvements
in computational performance, energy efficiency, and integration density. However, as feature sizes
shrink into deeply scaled nanometer regimes, conventional geometric scaling faces increasing challenges
due to fundamental physical limitations, rising manufacturing complexity, and escalating fabrication
cost [10]. Consequently, the semiconductor industry has gradually shifted from purely dimensional scaling
toward advanced device architectures, evolving from planar CMOS to FinFET, Gate-All-Around (GAA),
and complementary FET (CFET) structures [11], [12], heterogeneous integration technologies such as
2.5D/3D integration and chiplet-based architectures [13], [14], as well as novel material innovations
including two-dimensional materials such as MoS, to sustain performance improvement [15] as shown in
Fig. 2.1.

Classical Dennard scaling theory states that the circuit power density remains approximately constant
when transistor dimensions, supply voltage (Vpp), and current scale in proportion [17]. In modern
advanced technology nodes, however, this scaling behavior has significantly deviated from the original scal-
ing assumptions. In particular, Vpp cannot be reduced proportionally with transistor dimensions because
threshold voltage (V;,) scaling is fundamentally constrained by excessive subthreshold leakage current and
static power consumption. At the same time, shrinking interconnect dimensions substantially increases
parasitic resistance and capacitance, thereby aggravating interconnect-related Resistive-capacitive (RC)
delay [18].

Geometric Scaling Equivalent Scaling I Device Architecture Scaling | | 3D Integration |

Transistor CFET/3DS-FET

density
(/em?)

Dennard Scaling ! Post Dennard Scaling

2DM, CNT, NC, Tunneling
in CFET/3DS-FET

GAAFET

Planar Transistor
30B

. 5nm ) )
7nm Yertlcal Transistor
™

in CFET/3DS_FET

Planar Transistor

180 nm
>180 nm

1B 1 14 nm
‘l 22 nm
| 32nm
: 45 nm IC f
15 65 0m DO ance IC Power 20-40% IC Area 40-50%
50M [~ 190 n 15-35%
130 nin
'
1

248 nm Krf ] 193 nm ArF | Immersion 193nm Arf + MP | HNA EUV

| | | I
Before 2003  2003-2011 2013-2023 2024-2031 After 2031 Year
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Figure 2.2.: Simplified organization of modern computing systems, including processing logic and memory hierarchy.

Consequently, the primary performance bottleneck of modern integrated circuits has gradually shifted
from intrinsic transistor switching delay toward BEOL interconnect limitations. In advanced BEOL
technologies, reduced interconnect cross-sectional area and increasing parasitic effects significantly
degrade signal propagation delay and timing behavior. Furthermore, aggressive interconnect scaling
considerably increases current density, thereby aggravating interconnect reliability concerns.

Beyond performance limitations, aggressive technology scaling also introduces substantial reliability
challenges in both FEOL devices and BEOL interconnects. Process variation increasingly affects
transistor and interconnect characteristics as device dimensions continue to shrink [19]. Furthermore,
reduced supply voltage, shrinking node capacitance, and increasing current density considerably aggravate
transistor aging, radiation-induced soft errors, and interconnect degradation mechanisms in advanced
integrated circuits [20], [21], [22]. Consequently, reliability has become one of the major constraints in
modern Very Large Scale Integration (VLSI) design despite the significant improvements in performance,
power efficiency, and integration density enabled by advanced semiconductor technologies.

The impact of aggressive technology scaling extends beyond individual transistors and interconnects,
considerably affecting the organization and reliability of modern computing systems. Modern computing
architectures consist of both processing logic and hierarchical memory structures, each of which faces
increasing challenges in performance, power efficiency, and reliability under advanced technology scaling.
Fig. 2.2 illustrates the simplified organization of modern computing systems and the relationship between
processing logic and memory hierarchy.

2.2. Pass-Transistor Logic (PTL)

2.2.1. Power-Performance Challenges in Conventional CMOS Logic

Despite the remarkable success of CMOS technology, conventional static CMOS logic increasingly faces
severe power-performance challenges in deeply scaled integrated circuits. In large-scale digital systems,
the total power consumption of CMOS circuits consists of both dynamic and static components and can
be expressed as

Protal = denamic + Psatic = 0(C1oadV[2)Df + lieak VDD, (21)

where a denotes the switching activity factor, Cy,q is the effective load capacitance, f is the operating
frequency, and Ije.x represents the total leakage current [23]. As transistor density and operating frequency
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continue to increase, both dynamic and leakage power consumption have become major design constraints
in advanced CMOS technologies.

In conventional CMOS logic, complex logic functions are typically implemented using complementary
pull-up and pull-down transistor networks. Although such structures provide full voltage swing and
strong noise immunity, they often require relatively large transistor counts for complex logic functions
such as XOR/XNOR gates and multiplexers. Consequently, the associated switching capacitance, routing
overhead, and dynamic power consumption increase significantly in highly integrated circuits.

Furthermore, aggressive technology scaling and continuous supply voltage reduction introduce
additional challenges for conventional CMOS logic implementation. Although lowering the supply
voltage and reducing switching capacitance are effective approaches for improving power efficiency,
these optimizations considerably reduce noise margins and increase the sensitivity of integrated circuits
to process variation, signal integrity degradation, and transient disturbances [24]. At the same time,
increasing interconnect parasitics and transistor density further exacerbate timing degradation and power
consumption challenges in large-scale integrated systems [25].

To improve PPA efficiency, various alternative low-power CMOS logic styles have been extensively
investigated. Among these approaches, PTL has attracted considerable attention due to its capability
to reduce transistor count, switching capacitance, and power consumption while maintaining relatively
high-speed operation [26]. However, the same scaling-induced optimizations that improve PPA efficiency
also make PTL structures more vulnerable to signal integrity and reliability challenges due to incomplete
voltage swing, degraded signal restoration capability, and weaker noise margins [27].

2.2.2. PTL Fundamentals and PPA Advantages

PTL represents an alternative low-power logic style in which MOS transistors operate primarily as
signal-passing switches rather than complementary pull-up and pull-down networks connected to the
supply rails. Unlike conventional static CMOS logic, PTL propagates input signals directly through pass
transistors to realize Boolean operations, enabling complex logic functions to be implemented with fewer
transistors. The reduced transistor count lowers switching capacitance, routing overhead, and layout area,
thereby improving PPA efficiency in highly integrated circuits. Since dynamic power consumption is
directly proportional to switched capacitance, as shown in Equation 2.1, PTL structures can substantially
improve power efficiency compared with conventional CMOS implementations.

A fundamental characteristic of PTL structures is the asymmetric signal transmission behavior of nMOS
and pMOS transistors. An NMOS pass transistor efficiently propagates a strong logic ‘0’ but suffers from
threshold voltage loss when passing a logic ‘1°, resulting in an output voltage approximately limited to
Vbp — Vinn, where Vi, is the threshold voltage of the NMOS. Conversely, a PMOS transistor passes a
strong logic ‘1’ but a degraded logic ‘0’. To address this signal degradation problem, transmission-gate-
based structures employ parallel nMOS and PMOS devices to achieve full rail-to-rail voltage swing at
the cost of increased transistor count and routing complexity [28]. Other PTL styles employ alternative
restoration mechanisms, such as level-restoring buffers or cross-coupled feedback structures, to improve
signal integrity while preserving the transistor-count advantage of PTL.

PTL is particularly efficient for arithmetic and data-path-intensive logic functions such as XOR/XNOR
gates, multiplexers, adders, and barrel shifters, where conventional CMOS implementations often require
relatively large transistor counts. Various PTL styles have therefore been proposed to balance power
efficiency and signal integrity. Representative approaches include Complementary Pass-Transistor
Logic (CPL), which employs dual-rail nMOS pass networks together with output restoration circuitry
to improve voltage swing and noise immunity [27]. Other PTL styles, including Dual-Value Logic
(DVL) and Double Pass-Transistor Logic (DPL), introduce additional restoration mechanisms to mitigate
threshold-voltage-induced signal degradation and improve output voltage swing [26]. Examples of
PTL-based XOR gate implementations are shown in Fig. 2.3.
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Figure 2.3.: Examples of DPL-based (b) and inverter-buffered PTL XOR circuits (c) adapted from [29], [30]. [29] reported
that DPL-based XOR designs achieved up to 24% area reduction and 35% lower power consumption in synthesized multiplier
circuits under low-voltage operation compared with complementary CMOS XOR implementations (a), whereas inverter-buffered
single-pass-transistor structures (c) suffered from degraded voltage swing and failed to satisfy timing constraints at low supply
voltages due to weak drivability.

2.2.3. Reliability Challengesin PTL

Despite its attractive PPA advantages, PTL introduces several reliability challenges in deeply scaled
technologies. Threshold voltage-induced signal degradation and incomplete signal restoration reduce
voltage swing, drive strength, and noise margins compared with conventional CMOS logic. These effects
become more severe under aggressive voltage scaling and nanoscale process variation, where reduced
supply voltage and threshold voltage fluctuations considerably affect signal propagation and timing
behavior. Furthermore, the degraded restoration capability and reduced critical charge of PTL structures
lead to different SET generation and propagation characteristics compared with static CMOS logic [31].
Consequently, ensuring reliable PTL operation under process variation and transient fault conditions
remains a major challenge in advanced PTL-based circuit design.

2.3. Static Random Access Memory (SRAM) and Memory Structures

2.3.1. SRAM Architecture

SRAM is one of the most widely used on-chip memory technologies in modern integrated circuits due
to its high operating speed and compatibility with standard CMOS fabrication. SRAM is extensively
employed in cache hierarchies and register files in processors, GPUs, and SoC designs.

The conventional six-transistor (6T) SRAM cell in Fig. 2.4(a) consists of two cross-coupled inverters
forming a bistable latch together with two access transistors connected to the word-line (WL) and
complementary bit-lines (BL/BLB). The cross-coupled inverter pair enables the cell to retain stored data
indefinitely as long as the supply voltage is maintained.

A complete SRAM array, illustrated in Fig. 2.4(b), requires not only the bit-cell itself but also multiple
peripheral circuits, including row decoders, sense amplifiers, write drivers, precharge circuits, column
multiplexers, and timing control units, all of which must be carefully co-designed to ensure reliable
memory operation [32].

10



2.3. Static Random Access Memory (SRAM) and Memory Structures

Write Circuitry “ Precharge Circuitry

WL _AMARW

BLB BL

R

=

|7 &
=S
s

<

$'||-|OI—
=
3 8

=]

—————— T
Row Decoder

SRAM Cell

:l_
i
f%;
[
=,

Timing Control Unit

It

Column Multiplexer |

Sense Amplifier

(a) (b)

<
W
w
<
w
w
<
Wi
w
<
w1
w

Figure 2.4.: (a) Conventional six-transistor (6T) SRAM cell with associated parasitic resistance and capacitance on WL and BL
interconnects, (b) Simplified SRAM array architecture with the required peripheral circuitry.

2.3.2. Register Files and Latch Structures

Beyond conventional SRAM arrays, modern computing systems also rely on other state-holding elements
including register files, latches, and flip-flops. Register files are small, high-speed storage arrays
implemented with SRAM-like bit-cell structures and are widely used in processors and GPUs [33], [34].
Unlike large cache SRAMs that primarily target storage density, register files are designed for low-latency
multi-ported access, allowing multiple execution units to perform simultaneous read and write operations.
However, the additional transistors, bit-lines, and routing required for multi-port operation considerably
increase power consumption, routing complexity, and timing closure challenges.

Latches and flip-flops, on the other hand, are the fundamental sequential building blocks of digital
systems. They are used extensively for timing synchronization and pipeline stage boundaries. Because
they continuously maintain internal circuit states across clock cycles, their reliability directly affects
the functional correctness and timing behavior of the entire chip [35]. Hence, these characteristics are
important in high-performance and safety-critical applications such as automotive microcontrollers.

2.3.3. Memory Stability and Scaling Challenges

Aggressive technology scaling has significantly improved SRAM density and operating speed. However,
it has also introduced substantial stability and reliability challenges. Reduced noise margins and larger
threshold voltage variations directly degrade SRAM stability during hold, read, and write operations [36].
In particular, lower supply voltage and degraded transistor drive strength considerably reduce the SRAM
write margin, making reliable write operation increasingly difficult in advanced technologies.

BEOL interconnect scaling introduces additional challenges for dense SRAM arrays. Decreased metal
pitches increase parasitic resistance and current density, which not only worsen timing but also increase
EM-induced degradation over long-term operation. Furthermore, resistive voltage drop along scaled
bit-line interconnects weakens the voltage delivered from the write drivers to the memory cell, thereby
further degrading SRAM writability [37].

At the same time, shrinking node capacitance and reduced supply voltage lower the critical charge (Qcyi;)
required to flip a stored bit, making SRAM cells more susceptible to radiation-induced soft errors [38].
Similar challenges also affect register files, latches, and flip-flops. In register files, simultaneous
access operations and low-voltage operation can increase transient fault sensitivity, while aging-induced
parameter shifts in latches and flip-flops directly affect timing behavior and functional correctness.
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Therefore, ensuring reliable operation of modern memory and storage structures requires reliability-aware
analysis across both FEOL devices and BEOL interconnects.

2.4. Reliability Challenges in Advanced Technologies

As technology scaling continues, reduced dimensions, lower supply voltage, and higher operating
frequency considerably aggravate multiple reliability mechanisms in modern integrated circuits. Among
these mechanisms, Bias Temperature Instability (BTI) mainly affects FEOL transistor behavior, while
EM primarily impacts BEOL interconnect reliability. Furthermore, these degradation mechanisms are
strongly coupled with each other. For example, BTI-induced threshold voltage shifts can alter current
density and timing behavior, thereby accelerating EM degradation and increasing circuit sensitivity to
transient faults. Therefore, understanding these interactions is essential for accurate reliability analysis in
advanced semiconductor technologies.

2.4.1. Radiation-Induced Soft Errors

Due to continued technology scaling, modern integrated circuits have become increasingly sensitive
to radiation-induced faults. Reduced node capacitance and lower supply voltage decrease the critical
charge (Qcri¢) required to disturb a circuit node, while the reduced spacing between adjacent devices
aggravates charge-sharing effects [39]. Consequently, particle strikes that were previously non-critical
can now generate transient disturbances capable of corrupting circuit operation.

When an energetic particle penetrates silicon, it deposits energy through ionization and generates
electron-hole pairs along its trajectory. The generated carriers are subsequently collected by nearby p—n
junctions through drift and diffusion mechanisms, producing transient current pulses inside the device.
Depending on the affected circuit structure, these transient effects may appear as SETs in combinational
logic or single-event upsets (SEUs) in memory and sequential storage elements [40].

The shape and magnitude of radiation-induced transient currents strongly depend on device-related
factors, including doping profile, electric-field distribution, and transistor architecture. Consequently,
radiation behavior becomes increasingly technology-dependent in advanced nodes such as FDSOI and
FinFET technologies [41]. For efficient circuit-level soft-error analysis, compact current-source models
such as the double-exponential current model are widely used to approximate radiation-induced transient
currents [42], [43]. However, such simplified models cannot fully capture the technology-dependent
charge-collection behavior of advanced semiconductor devices.

To accurately model radiation-induced transient behavior, TCAD-based simulation approaches are
widely employed [44]. TCAD enables physics-based analysis of particle interaction, carrier transport,
and transient charge collection under different technology conditions. The extracted transient current
waveforms can subsequently be injected into SPICE-level circuit simulations to evaluate the soft-
error sensitivity of complex logic and memory structures. Consequently, TCAD-to-circuit simulation
methodologies have become increasingly important for reliability analysis in advanced semiconductor
technologies.

At the circuit level, accurate SER estimation additionally requires modeling the propagation behavior
of SETs through combinational logic. Although MC and SPICE-based simulations can accurately capture
SET propagation and masking effects, their computational complexity becomes prohibitive for large-scale
circuit analysis and extensive design-space exploration. Consequently, simplified SET propagation models
are widely employed for efficient SER estimation.

Among these approaches, trapezoidal pulse models are commonly used to represent SET waveforms
using compact parameters such as pulse width and pulse amplitude [45]. Based on these simplified pulse
representations, electrical masking effects during transient propagation can be efficiently evaluated at both
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the logic and circuit levels. However, such compact pulse abstractions become increasingly inaccurate for
advanced circuit structures exhibiting irregular transient behavior and nonlinear propagation effects.

2.4.2. Bias Temperature Instability

BTl is a time-dependent transistor degradation mechanism that mainly affects PMOS devices under NBTI,
and in advanced technologies also impacts NMOS devices under Positive Bias Temperature Instability
(PBTI) [46]. Under long-term electrical and thermal stress, the V;;, gradually increases, resulting in
reduced drive current and degraded switching performance.

BTI strongly depends on operating voltage, temperature, and signal activity, making the degradation
highly workload-dependent. In logic circuits, BTI-induced degradation can introduce timing violations
due to asymmetric degradation of pull-up and pull-down networks. In SRAM cells, threshold voltage shifts
between the cross-coupled inverters degrade the static noise margin and can eventually lead to stability
failures during read and write operations [47]. Furthermore, the stochastic nature of BTI degradation
introduces additional device-to-device variability, complicating long-term reliability prediction.

2.4.3. Physical Concept of NBTI

From a physical perspective, NBTI degradation originates from interface trap generation and hydrogen-
related reaction and diffusion mechanisms at the silicon-dielectric interface. The NBTI effect is commonly
described as a multi-phase process consisting of reaction, diffusion, and recovery, as illustrated in Fig. 2.5.

Reaction: Dissociation of silicon-hydrogen (Si-H) bonds through electric-field-assisted bond dissocia-
tion [48], leaving behind silicon dangling bonds (Si*). This process is accelerated at elevated temperatures
and gate bias voltages.

Diffusion: Released hydrogen atoms diffuse, recombine to form H,, and subsequently diffuse away
from the silicon-dielectric interface.

Recovery: Hydrogen atoms diffuse back to the interface, annealing the dangling bonds and partially
restoring the Si-H bonds. This process is accelerated at lower temperatures and reduced gate bias voltages.

During this process, newly generated dangling bonds act as interface traps together with pre-existing
defects, facilitating hole trapping and resulting in threshold voltage degradation (AV;).

2.4.4. NBTI Modeling

To evaluate BTI-induced degradation in advanced semiconductor technologies, physics-based TCAD
approaches are widely employed to model threshold voltage degradation and its impact on device and
circuit behavior [49], [50]. In this work, the multi-state configuration (MSC) framework presented
in [49] is employed to model the AV, degradation caused by NBTI by considering the reaction, diffusion,
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Figure 2.5.: Conceptual illustration of the reaction-diffusion (R/D) model for NBTI degradation, including Si—H bond dissociation,
hydrogen diffusion, and recovery mechanisms.
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recovery, and hole trapping/de-trapping mechanisms described above. The proposed AV;; model is used
to investigate NBTI degradation under different operating voltage and temperature stress conditions.
Detailed initial settings for Si—-H bond concentration and trap concentration follow the framework
presented in [49].

2.4.5. Electromigration

EM is a BEOL reliability degradation mechanism caused by atomic migration in metal interconnects
under high current density. As electrons flow through narrow metal lines, momentum transfer from
the conducting electrons gradually displaces metal atoms along the current direction. Over long-term
operation, this process can lead to void formation, resistance increase, and eventual interconnect
degradation.

Aggressive interconnect scaling considerably aggravates EM-related reliability challenges. In advanced
technologies, minimum-width metal interconnects and increasing current density substantially increase
resistance drift and local Joule heating effects. Dense SRAM arrays are particularly sensitive to such
degradation because their bit-line and word-line interconnects operate under highly scaled metal pitches
and resistance-dominated interconnect conditions. Consequently, EM-induced resistance degradation can
significantly affect interconnect delay, signal integrity, and SRAM write operation reliability over the
operational lifetime of the circuit.

To analyze EM-induced degradation behavior, physics-based modeling and TCAD-assisted methodolo-
gies are commonly employed to evaluate current-density distribution, stress evolution, and resistance
degradation under different operating conditions [51]. The resulting interconnect degradation can
subsequently be incorporated into circuit-level simulations to evaluate timing degradation and long-term
reliability behavior in advanced integrated circuits.

2.4.5.1. Physical Concept of EM

The ultimate impact of EM is the increase of the parasitic resistance of the interconnect. However, from
the physical point of view, the EM phenomenon is a multi-phase process: 1. void nucleation, 2. void
incubation, and 3. resistance increase.

Void nucleation: Electron movement in the metallic interconnect increases hydrostatic stress until it
reaches a critical value at nucleation time (¢,,c1), leading to void formation in the metal wire and resetting
the stress to zero.

Void incubation: The size of the freshly nucleated void keeps incubating in the presence of the electrical
current until it reaches the critical size; i.e., covers the cross-sectional area of the interconnect at time
Lincub-

Resistance increase: Before the existence of the fully grown void, the parasitic resistance of the
interconnect does not show a significant increase. However, after tiycup, the interconnect’s barrier shunts
the current, which is the reason for the rather sharp rate of resistance increase associated with EM. In
the extended circuit-level aging analysis, the amount of resistance increase leading to in-field failure is
considered the criterion for EM-induced failure.

2.4.5.2. EM Modeling

In this thesis, we use physical modeling based on these three phases to model the EM phenomenon by
fully capturing all the involved parameters. The resistance-increase phase affects the SRAM functionality
at the circuit level. In the case of copper (Cu) metal, surrounded by a tantalum (Ta/Ta-N) barrier, the
transient rate of the resistance increase (AR) is calculated as Equation 2.2. In Equation 2.2, the resistivity
of Cu and Ta are shown by pr, and pc, respectively. The hr,, H, and W are the dimensional parameters
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and correspond to the barrier thickness, height, and width of the interconnect, respectively. The physical
correspondence of the other parameters is as follows: D, is the atomic diffusivity, K is Boltzmann’s
constant, T is the temperature, e is the electron charge, Z is the effective valence charge, and finally j
stands for the current density [52].

D
PTa —pcu]-—a-e-Z-pCu-j 2.2)

AR =
[hTa(ZH +W) HW" KT

2.5. Al-Assisted Chip Design and Testing

2.5.1. Al-Assisted EDA Automation

Modern semiconductor design flows require extensive manual effort for simulation setup generation,
parameter tuning, physical-design optimization, result analysis, and testing workflow configuration.
Recently, Al-assisted methodologies have been increasingly explored to improve the efficiency and
automation of EDA-related workflows.

Machine learning techniques have been applied to various stages of the RTL-to-GDS design flow,
including design-space exploration, timing and power prediction, placement and routing optimization,
congestion estimation, and reliability analysis. For instance, [53] proposes a deep reinforcement
learning framework for analog circuit design automation that efficiently explores the design space and
accelerates post-layout analog circuit optimization. Furthermore, [54] proposes a physics-based ANN
compact modeling approach for emerging FET technologies, overcoming the convergence limitations of
conventional lookup-table (LUT)-based methodologies.

In reliability-oriented semiconductor analysis, Al-assisted approaches can considerably reduce sim-
ulation overhead and improve workflow automation. These methodologies are particularly useful for
computationally expensive reliability evaluation flows involving TCAD simulation and circuit-level
analysis. For example, [55] proposes a graph neural network (GNN)-based methodology for efficient
prediction of aging- and process-variation-induced timing degradation without requiring computationally
expensive static timing analysis (STA).

2.5.2. LLM-Based Design and Testing Automation

Recent advances in LLMs have further expanded the application of Al in chip design and testing
automation. Emerging LLMs such as GPT [56] and DeepSeek [57] have demonstrated strong capabilities
in natural-language understanding, reasoning, and code-generation tasks. Unlike conventional machine-
learning approaches that mainly focus on numerical optimization tasks, LLMs can assist in script
generation, workflow automation, test-case generation, and EDA tool interaction through natural-language
instructions.

LLM-assisted methodologies have recently been explored for RTL generation, hardware verification,
debugging assistance, and automated generation of simulation and testing scripts [58], [59], [60], [61].
Furthermore, LLM-based agents have shown strong potential for automating complex EDA workflows
across multiple stages of the RTL-to-GDS flow. In reliability-oriented design flows, such approaches
can improve the automation of TCAD setup generation, parameter configuration, and reliability analysis
workflows, thereby reducing manual engineering effort and improving productivity.
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3. Machine Learning-Based Soft Error Rate
Estimation for Pass-Transistor Logic

Efficient gate-level SER estimation in PTL circuits is challenging due to degraded voltage restoration and
irregular transient propagation behavior. Conventional fast SER estimation methodologies commonly
rely on simplified SET propagation models based on trapezoidal pulse propagation characterized by
pulse width and pulse amplitude. However, PTL circuits frequently exhibit distorted SET waveforms and
long-tail transient propagation behavior that cannot be accurately represented using such simplified pulse
models.

Although MC- and SPICE-based simulations can accurately evaluate SET propagation behavior,
their computational complexity becomes prohibitive for large-scale circuits and extensive design-space
exploration. Therefore, this chapter presents a machine-learning-based framework for efficient gate-level
SER estimation in PTL circuits [1]. The main contributions of this chapter are summarized as follows:

* Modeling SET propagation in PTL circuits using a data-driven framework that captures both
pulse-width and pulse-amplitude characteristics.

* Developing a hybrid machine-learning framework combining multi-layer feed-forward neural net-
works and support vector classifiers (SVCs) for SET prediction and irregular transient classification.

* Applying Bayesian optimization based on Gaussian Processes for efficient hyperparameter tuning.

» Extending the proposed methodology from 1-bit full adders (FAs) to n-bit ripple-carry adders
(RCA) to enable scalable SER estimation.

* Demonstrating substantial runtime reduction while maintaining high prediction accuracy compared
with MC-based circuit-level simulations.

The remainder of this chapter is organized as follows. Section 3.1 reviews related work and discusses the
challenges of SET modeling in PTL circuits. Section 3.2 presents the proposed machine-learning-based
framework, including the training data generation methodology. Section 3.3 evaluates the accuracy and
runtime performance of the proposed approach and compares it with MC-based simulations. Finally,
Section 3.4 concludes the chapter.

3.1. Challenges of SET Modeling in PTL

The proposed SER estimation methodology is applied to an RCA. Adders are fundamental building
blocks in digital systems and are widely used in communication and data-processing applications, such
as Low Density Parity Check (LDPC) decoders, digital signal processors, and arithmetic logic units
(ALUs) [62]. In advanced technology nodes, reduced supply voltages and shrinking noise margins
increase the susceptibility of combinational logic circuits to radiation-induced soft errors. Since transient
faults occurring in adders can propagate through arithmetic paths and affect system-level functionality,
accurate SER evaluation is essential for reliable operation. From an industrial perspective, adder design
is additionally constrained by PPA requirements. As modern processors integrate a large number of
arithmetic units, achieving an optimal trade-off between PPA and reliability has become increasingly
important in advanced digital circuit design.
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Figure 3.1.: Two of the four PTL-based full adders investigated in this chapter: (a) NASERI 20T full adder [63], (b) BUIO2A9
(BA) full adder [64].

3.1.1.  Irregular SET Propagation Behavior

SET propagation behavior in PTL circuits with open-drain structures differs significantly from that
of conventional CMOS logic. To illustrate this behavior, transient simulations are performed for the
BUIO2A9 (BA) 1-bit full adder [64]. As shown in Fig. 3.1(b), the COUT node is directly driven by
the “CIN” node rather than by the supply voltage (VDD). Consequently, the transient response strongly
depends on charge-transfer dynamics within the PTL structure.

To investigate SET propagation characteristics, trapezoidal voltage pulses with varying pulse widths
and amplitudes are injected into the CIN node. The input nodes A and B are fixed at logic values of
800 mV and OV, respectively. The resulting SET responses observed at the COUT node are shown in
Fig. 3.2. Unlike conventional CMOS circuits, the transient voltage at COUT does not fully recover to 0 V
within the simulation window of 3 ns, resulting in a long-tail transient waveform.

Such long-tail SET behavior presents a major challenge for pulse-width modeling, since the second
crossing point at 50% of the pulse amplitude cannot be accurately extracted during transient simulation.
Consequently, conventional SET characterization approaches based on standard pulse-width definitions
become insufficient for accurately modeling SET propagation in PTL circuits.

3.1.2. Related Work

Adders are fundamental building blocks in modern computing systems, since arithmetic summation forms
the basis of numerous digital operations [62]. PTL-based adder architectures have attracted considerable
research interest due to their reduced transistor count and improved power efficiency compared with
conventional CMOS implementations.

A partially PTL-based adder tree for convolutional neural network acceleration is presented in [65],
where an interleaved structure combining CMOS 28T full adders and CHIH 14T (C14) PTL full adders
achieves approximately 30% reduction in power-delay product (PDP). Furthermore, a comparative analysis
of multiple 1-bit full-adder implementations is reported in [66], demonstrating that PTL-based adder
circuits can achieve up to 63% reduction in energy-delay product (EDP) compared with conventional
CMOS 28T full adders.

As technology scaling continues, radiation-induced soft errors have become an increasingly important
reliability concern in advanced VLSI systems due to reduced supply voltages, shrinking noise margins,
and higher operating frequencies [67]. Accurate SER estimation is therefore essential for ensuring reliable
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Figure 3.2.: SET propagation behavior in the BA PTL full adder under different injected pulse conditions. Long-tail transient
responses are observed due to incomplete voltage recovery at the output node.

operation in modern digital circuits, particularly in high-performance and communication-oriented
applications. Several approaches have been proposed for SER estimation in combinational logic circuits.
The most straightforward approach relies on circuit-level transient simulations using randomly generated
input patterns [67], [68]. Although this method can provide high accuracy, its computational cost
becomes prohibitive for large-scale circuits and extensive Monte Carlo analysis. To improve efficiency,
probabilistic SER estimation models focusing on logical masking effects have been proposed in [69].
In [70], a trapezoidal waveform approximation approach is introduced to model electrical masking effects
during SET propagation. More recently, machine-learning-based reliability modeling approaches have
also been investigated. A data-driven machine learning regression discriminator is proposed in [71] for
SRAM reliability analysis. The model is trained using TCAD-generated datasets, where charge deposition
information from secondary ion strikes is utilized as the model input to predict soft-error behavior.

Despite these advances, existing SER estimation approaches mainly focus on conventional CMOS
circuits and do not adequately capture the unique SET propagation behavior observed in PTL structures,
particularly the irregular long-tail transient responses discussed in Section 3.1. These challenges motivate
the machine-learning-based SER estimation framework proposed in this chapter.

3.2. Proposed Machine-Learning-Based SET Modeling Framework

This section presents the proposed machine learning-based methodology for modeling SET propagation
in combinational logic circuits. Monte Carlo simulations are first employed to generate datasets for
training neural network regression models and SVC classifiers under fixed PVT conditions. The trained
models are then utilized to predict SET pulse propagation and soft error behavior in larger circuits, such
as ripple carry adders, while also handling long-tail transient signals observed in PTL-based designs.
Finally, the accuracy of the proposed approach is evaluated using regression and classification metrics on
multiple full-adder implementations.

3.2.1. Overall Modeling Flow

Fig.3.3 shows the flow of our proposed SET modeling method. The two main steps are:
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* Model building. Building regression models for SET propagation through the logic cell elements,
and classification models for special long-tail signal cases.

* Model exploitation. Obtain the SER of combinational logic circuits that consist of the logic cell
elements in the presence of SETs using models.

/ Model building \ / Model exploitation\
[ SET injection ]

in single block [ DUT building ]

. Soft error
[ Training dataset ] [ injection ]

generation
Regression models
1 Classification models Record

/ \ — pw/amp/transient cases
[ Long tail signal? ] (error_data)

[
No
2 \ [error_data of theJ

[ Regression ] Classmcatlon] error injection
block

¥
Regressmn ] predicted ] [ Real ]

ﬁ \[ SER SER/

Figure 3.3.: Proposed method
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During the first step, we run MC-based simulations to generate datasets for building the SET propagation
models. Simulation results are collected under constant PVT conditions. Similar to [72], the trapezoidal
signal is used in our work to approximate how a glitch propagates through a gate. We inject trapezoidal
signals with different pulse amplitudes (amp) and pulse widths (pw) into the input port (Ingmp,Inp.,), and
record the pulse amplitude and pulse width of the output (Outgmp, Out,,,). Pulse width is defined as the
time difference between the 50% amplitudes of the rising and falling edges, while pulse amplitude can be
either the most positive amplitude or the most negative amplitude.

As mentioned in Section 3.1.1, we observe long-tail signals in simulations for 1-bit FA based on BA
and BUIO2 SERF (BS) PTL designs [64]. Our proposed solution to model such SETs with long tails
is to set the pulse width of such a long-tail pulse to a value that is larger than the transient simulation
time (3ns), for instance 4ns, and train support vector classification (SVC) classifiers to recognize whether
such a long tail can be caused by the given (Ingmp,Iny.,) or not, namely two categories, "Irregular” and
"Regular". Samples of the "Irregular” category are not used in building regression models because their
assigned pulse widths do not reflect the physical relationship between (Ingmp,Inp.) and Outp.,.

Then, feed-forward neural networks are trained with these datasets to model how (Outgmp, Outy,,) is
related to (Ingmp,Inp.y). Each machine learning model has two predictor variables and one target variable
since we build models for pulse width and pulse amplitude prediction separately. These models are
also specified for each input vector combination (X). In this step, we obtain models that represent the
following relationship for the tested single block:

SET;,(pw, amp, X) — SETy,(pw, amp, X) (3.1)

In the second step, we build up the simulation device under test (DUT), for instance, an 8-bit ripple carry
adder. Double exponential sources [42] are considered to approximate the radiation-induced transient
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Table 3.1.: Hyperparameters

Hyperparameters space
Regression
number of hidden layers [1,10]
neurons per layer [2,36]
activation function ReLU, Tanh, Sigmoid
optimizer SGD,Adam
learning rate [0.0001,0.11]
batch size 2,4,8,16,32,64
Classification
C [le — 6,100.0]
Kernel Linear, Poly, RBF, Sigmoid
Gamma [1e — 6,100.0]
Kernel 1,2,3,4,5

current waveform. Current sources connected to device nodes are randomly activated to simulate a
random particle strike. Then, (Outamyp, Outy,,) of the errors-injected block are recorded.

For a block except the error-injected block in the DUT, (Ingpmp,In,.,) is equivalent to (Outgmyp, Outp,,)
of its Fan-in block. Similarly, SET;,,; is equivalent to SET;_1 oy, i stands for the i’ h block in the chain.
SVCs are first called to recognize whether SET; ,,,;(pw) is infinite because of the long tail or not. If yes,
then SET; o, (pw) is set to 4ns. Otherwise, neural network models are loaded to predict SET; o, of all
blocks in the DUT. In this step, Equation 3.1 is extended for the chain of blocks:

SET; in(pw, amp, X) — SET; 5,1 (pw, amp, X) 3.2)

Finally, all Out,,, are compared with a pre-defined error margin to determine whether soft errors
can be caused by SETs. In this paper, the error margin is specified to 0.4V, which means that when the
absolute difference between the erroneous amplitude and the error-free output is higher than 0.4V, a soft
error occurs.

The adder circuit is investigated to experimentally evaluate our proposed method. SET propagation
models for 1-bit FA with different adder types, as mentioned in Section 3.1.2, are first obtained. Afterwards,
an 8-bit ripple carry adder is considered as the DUT to test the performance of the generated SET
propagation models.

3.2.2. SET Propagation Model Based on Neural Network

Multilayer feed-forward neural networks, trained with a back-propagation learning algorithm, are widely
used because of their ability to model complex nonlinear relationships between dependent and independent
variables, and to detect all possible interactions between predictor variables. We use feed-forward neural
networks, which contain two input layers, one output layer, and several hidden layers to build models for
propagated SET pulse width and amplitude prediction. To tune hyperparameters, we select Bayesian
optimization using the Gaussian Processes tuning algorithm [74]. All considered hyperparameters and
their spaces are listed in Table 3.1.
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Table 3.2.: Simulation setup and adder types

Sizing of transistors minimal sizing, W/L = 80nm/20nm
PVT TT (typical-typical), 0.8V, 25°C
Threshold voltage LVT (low threshold voltage)
Simulation time 3ns

CMOS, BA [64], BS [64],

Adder types C14 [73], N20 [63], N22 [63]
Amplitude of injected pulses (0V,0.8V)
Width of injected pulses (30ps, 1ns)

Hardware resources setting | 1 K80 GPU, 1 Xeon 2.20GHz CPU

Table 3.3.: Performance of SVC and NN models

Classification
Circuit Irregular Regular
Precision | Recall F1 Precision | Recall F1
BA 0.99 0.995 | 0.99 1.0 0.995 | 0.995
BS 0.988 0.995 | 0.993 1.0 0.993 | 0.998
R Regression
Circuit MSE
CMOS 0.0005
BA 0.0021
BS 0.00359
Cl4 0.00252
N20 0.001167
N22 0.00118

3.2.3. SET Classification Based on SVC

Although regression models can efficiently capture regular SET propagation behavior, PTL circuits
frequently exhibit irregular long-tail transients that cannot be accurately represented using conventional
pulse-width metrics. Therefore, an additional classification mechanism is introduced. The SVC classifier
is well known because of its effectiveness in high-dimensional spaces and low memory usage. The
training setup is the same as training neural network models. All hyperparameters and their spaces are
listed in Table 3.1.

3.2.4. Simulation Setup and Data Preparation for Training

The purpose of the circuit simulations is to detect how different 1-bit FA types respond to transient pulses.
To collect the training dataset, Virtuoso simulations are set up. We use GlobalFoundries FDSOI 22 nm
technology transistor models to simulate all circuits. Simulation setup and all considered adders are listed
in Table 3.2. A trapezoidal voltage source is connected to the carry-in port to approximate a single-event
transient. To ensure the randomness of trapezoidal pulses, we use an MC-based simulation (50000 points)
to generate pulses with random width and amplitude.

24



3.3. Results and Discussion

A1 B1 A2 B2 A3 B3 A4 B4 A5 BS A6 B6 A7 B7 A8 B8

IR S I B IR | vV vy 2R N 2 BN 2

co1 Cco2 co3 Cco4 CO5 Cco6 co7 cos
—> PTL —» CMOS [|—¥ PTL —» CMOS [|—» PTL —»| CMOS [—Pb PTL —» CMOS |—»

v v v v v v v v

s1 s2 S3 S4 S5 S6 s7 S8

Figure 3.4.: Structure of the evaluated 8-bit RCA. Input and output ports are connected to X1 load buffers, while SET injection
is performed at the first full-adder stage (LSB).

3.2.5. Evaluation of Regression and Classification Models

As introduced in Section 3.2.2, test data sets contain 10000 samples for both regression and classification.
These test data are utilized to evaluate the performance of trained regression and SVC models. In the test,
we use Mean Squared Error (MSE) as the metric for regression and precision, recall, and F1-score as the
metrics for classification. All mean results are presented in Table 3.3. Irregular SETs are only observed
in BA and BS. Hence, SVC is only needed for these two circuits.

3.3. Results and Discussion

3.3.1. Simulation Setup and Test Scenario

To validate the proposed method, we first run MC-based transient simulations (10000 transient-event
injections) in Virtuoso to obtain a stochastic SER of three types of 8-bit ripple-carry adders. We then use
the neural network models together with a support vector classifier to estimate SER and compare the
results. Simulation setup and hardware resources setting are shown in Table 3.2.

Compared to pure CMOS design, energy efficiency is reported in [65] to be enhanced if one stage of
PTL is followed by CMOS in an adder tree. To model SET generation and propagation in such structures,
we considered the following test scenario with respect to the SET generation block: the DUT consists of
one type PTL FA and one CMOS FA, each PTL FA is followed by a CMOS FA, the error-injection FA is
a PTL FA, as shown in Fig. 3.4.

3.3.2. Accuracy Comparison

The prediction accuracy of the proposed ML-based methodology was evaluated by comparing its results
with MC simulations for all outputs, as shown in Fig. 3.5. Overall, the proposed model demonstrates
high prediction accuracy for all adder topologies. The CMOS-based adder exhibits the best agreement
with MC simulation, while the maximum observed difference (Diff) is approximately 0.014 for the C14
topology.

Regarding the SER analysis, the conventional CMOS RCA shows the strongest robustness against
transient fault propagation, as shown in Fig. 3.6 and Fig. 3.7. For the COUT1 node, the CMOS
implementation achieves the lowest SER of approximately 14%. In contrast, the C14 PTL-based topology
exhibits a significantly higher SER of around 36%, corresponding to nearly 2.5x higher SER compared to
CMOS. Among the hybrid PTL-CMOS structures, N20 achieves the lowest COUT1 SER, approximately
18%.

A similar trend is observed for the SUM1 node. The CMOS RCA again provides the lowest SER,
approximately 25.6%, indicating superior stability of the sum generation path. The BA PTL-based
topology shows the highest degradation, with a SUM1 SER of around 48%, corresponding to nearly
1.9% higher SER than CMOS. Among the PTL-CMOS hybrid designs, N20 achieves the best reliability
performance, with a SUM1 SER of approximately 32%.
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Figure 3.5.: SET injection in the first PTL stage, SER comparison over all output bits (all sum bits and final carry out).
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Figure 3.6.: Comparison between simulated and predicted SERs at the carry-output ports of different RCA implementations.

Overall, the results indicate that the conventional CMOS implementation provides the highest resilience
against soft-error propagation, whereas PTL-based designs generally exhibit increased SER vulnerability
due to their reduced logic-level robustness.
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Figure 3.7.: Comparison between simulated and predicted SERs at the sum-output ports of different RCA implementations.

3.3.3. Runtime Comparison

We compare the execution runtimes of MC-based Virtuoso Spectre simulation and the ML-based
prediction method, and then present the average speedup (ASU). As shown in Table 3.4, the simulation
results indicate that the proposed method is much faster than Virtuoso MC simulation. The smallest
speed-up is 8.9x, which is achieved for BA, reaching up to 28.6x for CMOS. The average speed-up is
around 13.8x.

Table 3.4.: Runtime comparison of ML and MC methods. ML: proposed Machine Learning approach, MC: Monte Carlo
simulation, ASU: Average Speed-up

Circuit First scenario Second scenario

MC ML ASU MC ML ASU

CMOS | 31m21s | 1m6s | 28.6x | 31m21s | 1mbs | 28.6x
BA 37m56s | 4ml17s | 8.9x | 32m21s | 2m47s | 11.6x
BS 36m49s | 3ml12s | 11.5x | 32m27s | 1m24s | 23.2x
Cl4 49m10s | 4m8s | 11.9x | 33m10s | 1m12s | 27.6x
N20 45m35s | 2mls | 22.6x | 40m3s | Iml6s | 31.6x
N22 41m33s | 2m51s | 14.6x | 36m29s | 1m16s | 28.8x

Average | 40m24s | 2m56s | 13.8x | 34m18s | 1m30s | 22.9x |

27



3. Machine Learning-Based Soft Error Rate Estimation for Pass-Transistor Logic

3.4. Conclusion

PTL emerges in advanced high-speed communication systems because of its high operating speed and
potentially lower power consumption. Conventional trapezoidal SET propagation modeling for rapid
estimation of the SER becomes insufficient for PTL, and the proposed framework enables scalable SER
estimation under nonlinear transient propagation behavior. In this chapter, we developed a data-driven
SET propagation framework for efficient gate-level SER estimation in PTL circuits. Furthermore, the
accuracy and run time of the proposed method are compared with extensive Monte Carlo simulations.
Our proposed models are data-driven, easy to reuse, and much faster than MC simulation.
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4. ALearning-Based Approach for Single Event
Transient Analysis in Pass Transistor Logic

Although the gate-level ML-based SET estimation framework presented in Chapter 3 can efficiently
predict soft error behavior for specific PTL circuits, its generalization capability to unseen PTL topologies
remains limited. In practice, newly designed PTL structures often require additional simulation data and
model retraining, which reduces the scalability and reusability of black-box prediction approaches.

To address this limitation, SET propagation behavior can instead be modeled using reusable transistor-
level propagation primitives. Since complex PTL circuits are typically constructed from a limited
number of fundamental PTL structures, transient propagation behavior in large circuits can be analyzed
compositionally by combining the propagation characteristics of basic PTL building blocks.

However, accurate propagation modeling of PTL structures remains challenging due to degraded
voltage restoration, distorted transient propagation behavior, and long-tail SET waveforms. Conventional
compact pulse models developed for CMOS circuits cannot fully capture these effects during PTL
transient propagation.

Therefore, this chapter presents a learning-based structural SET propagation framework for transistor-
level modeling in PTL circuits, based on the work published in [2]. The proposed methodology combines
reusable transistor-level propagation models with curve-fitting and machine-learning techniques to enable
scalable compositional SET analysis for complex PTL and CMOS circuits while significantly reducing
simulation complexity compared with conventional SPICE-based approaches.

The remainder of this chapter is organized as follows. Section 4.1 introduces PTL fundamentals,
SET propagation challenges, and related work. Section 4.2 presents the proposed learning-based SET
modeling framework, including simulation setup and regression modeling methodology. Section 4.3
evaluates the accuracy of the proposed approach and compares it with circuit-level simulations. Finally,
Section 4.4 concludes the chapter.

4.1. Preliminaries

This section discusses the fundamental challenges of SET propagation modeling in PTL circuits. Due to
the charge-transfer-based operation of PTL structures, transient propagation behavior differs significantly
from conventional CMOS logic, making accurate SET characterization considerably more difficult.
Furthermore, the structural characteristics of PTL circuits and related work on regression-based SET
modeling approaches are reviewed to motivate the proposed structural learning-based methodology.

4.1.1. Challenges of SET Propagation in PTL

PTL circuits rely on pass-transistor-based charge transfer between internal nodes rather than conventional
pull-up/pull-down switching behavior. As shown in Fig. 4.1(a), a PTL 1-bit FA [64] can be implemented
using significantly fewer transistors compared with conventional CMOS implementations. However,
degraded voltage restoration, threshold-voltage loss, and charge-sharing effects considerably complicate
transient propagation analysis in PTL circuits.

In conventional CMOS circuits, SET propagation is typically characterized using pulse height (PH) and
pulse width (PW), as illustrated in Fig. 4.2. However, such characterization becomes challenging in PTL
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Figure 4.2.: SET generation and propagation through a combinational logic chain.

circuits due to distorted transient propagation behavior. As shown in Fig. 4.1(b), PTL circuits may exhibit
long-tail transient waveforms in which the output voltage does not fully recover within the transient
simulation window. This behavior is mainly caused by weak restoration capability and charge-sharing
effects in PTL structures. Consequently, conventional pulse-width extraction based on the second 50%
crossing point becomes difficult or even impossible.

Despite the complexity of transient propagation behavior, many PTL circuits are constructed from a
limited number of fundamental pass-transistor structures. Therefore, transient propagation behavior in
complex PTL circuits can potentially be analyzed compositionally by combining reusable propagation
characteristics of basic PTL primitives. Such a structural modeling methodology could improve the
scalability and reusability of SET propagation analysis compared with conventional gate-level black-box
approaches.

4.1.2. Related Work

Curve-fitting and regression techniques are widely used in MOSFET circuit analysis. A study investigating
the temperature dependence of MOSFET drain current using curve fitting is presented in [75], where a
simplified delay-time model is derived to predict the linear temperature coefficient of CMOS circuit delay.
Inspired by the fact that inverter delay is a complicated function of several process parameters, such
as transistor sizing and load capacitance, a propagation delay model for CMOS inverters is developed
in [76], demonstrating high prediction accuracy compared with SPICE simulations.
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Several studies have also investigated SET modeling in recent years. A graphical derivation methodology
is presented in [77], where the shape of SET voltage pulses is estimated using transient current data
obtained at different drain voltages. Moreover, an analytical approach is proposed in [78] to explain
electrical masking effects of SETs at transistor level. Effective capacitance and SET currents are modeled
to capture nonlinear transistor behavior and approximate SET waveform propagation.

More recently, data-driven approaches have attracted increasing attention in SET modeling and soft
error analysis. Machine-learning-based regression models trained using SET current data extracted from
TCAD simulations are proposed in [79]. These approaches can predict SET-induced circuit behavior
without explicitly modeling complex physical mechanisms.

Despite these advances, existing SET modeling approaches mainly focus on conventional CMOS circuits
and do not adequately capture the distorted transient propagation behavior frequently observed in PTL
structures, particularly long-tail transient waveforms. Furthermore, existing data-driven approaches are
primarily developed at the gate level and therefore require retraining for different circuit implementations.
In addition, most existing methodologies do not exploit the structural compositionality of PTL circuits for
reusable transient propagation analysis. These limitations motivate the structural learning-based SET
propagation framework proposed in this work.

4.2, Structural SET Propagation Modeling Framework

In this section, the proposed structural learning-based framework for SET propagation modeling is
presented. Unlike gate-level black-box prediction approaches, the proposed methodology models SET
propagation behavior at the transistor-structure level using reusable PTL propagation primitives. Since
complex PTL circuits are typically composed of a limited number of fundamental pass-transistor structures,
SET propagation in large PTL circuits can be analyzed compositionally by combining the propagation
characteristics of basic PTL building blocks. As illustrated in Fig. 4.3, the proposed framework consists
of four main phases. The major steps include:

* Data Collection: Circuit-level simulations are performed for each PTL structure, and the corre-
sponding SET waveforms are recorded.

* Ground Truth Generation: For regular pulses, the shape parameters are derived from waveforms.
For irregular pulses, curve fitting is performed for each region, and the fitting parameter values are
recorded.

* Model Building: SET propagation models, including pulse-shape and propagation-delay models,
are trained for each PTL structure.

* Model Exploitation: The trained models are used to estimate the propagated SET shape and delay
in larger combinational circuits constructed from the considered PTL elements.

Unlike conventional CMOS logic, transient recovery in PTL circuits can require a significantly longer
time. This phenomenon is illustrated by the example shown in Fig. 4.1(b). As presented in [80], the
mechanism of production of radiation-induced SETs can be modeled by the injection of a current pulse,
while the voltage pulse resulting from the current injection can be approximated by a trapezoidal or
triangular pulse. In this chapter, regression-based functions are proposed to model the propagation of
trapezoidal SET waveforms through PTL structures. These functions can effectively characterize the
variations in the voltage pulse shapes as they propagate through various structures in the PTL chain.
The main limitation of our methodology is the requirement to measure the equivalent output capacitance
of each net in a tested circuit by circuit-level simulation under various load conditions. However, this
challenge can be mitigated with the idea of ParaGraph [81], which leverages a graph neural network
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Figure 4.4.: Common PTL structures considered in the proposed SET propagation modeling framework.

model to estimate net parasitic by converting circuit netlists into graphs, thereby enabling our models to

operate without running exhaustive circuit-level simulations for model building.

We inject a high-to-low SET into the VIN port of the structure shown in Fig. 4.4(a). After the recovered
output exceeds the minimal ON-state gate-source threshold voltage, the NMOS PTL stops conducting.
Hence, the propagated SET in PTL can have a very long tail as illustrated in Fig. 4.1(b), which makes
SET modeling challenging. Based on whether PTL elements recover towards the initial value quickly, we

classify the propagated SETs as follows:

e Irregular pulse (long-tail): Output recovers very slowly towards the initial value and has a long tail.
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Figure 4.5.: Regression cases and their ground truth.

* Regular pulse: The output recovers quickly.

The shape and delay of regular and irregular SETs are modelled separately in the following subsections.

4.2.1. Data Collection and Ground Truth Generation

During this step, we run electrical-level simulations to generate datasets. All datasets are generated using
12nm FinFET technology. SETs with varying shape parameters are injected into each structure in Fig.
4.4 that can be found in the implementation of PTL circuits, with different capacitive load cases (CL), to
simulate the SET propagation in a combinational logic chain as shown in Fig. 4.2. Each dataset contains
30000 samples, which are divided randomly into a training set and a test set with the ratio 70:30. The
simulation setup can be found in Table 4.1.

In this chapter, we mainly explain NMOS PTL since PMOS PTL behavior is complementary to NMOS
PTL behavior and can be derived accordingly. In our work, discrete values of the waveform are used to
approximate the transient pulse. A time step (At) is defined, and at each time step, the voltage value is
sampled. In this way, the waveforms of output SET voltage pulses of each tested structure are recorded.

Ground truth of all related regression cases is illustrated in Fig. 4.5. Shape parameters and curve fitting
parameters are either predictors or targets, depending on the regression cases.

4.2.2. Modeling Regular SETs

This subsection describes the proposed shape and propagation delay modeling method for regular SETs,
i.e., the case "Regular to Regular". First, we derive the shape parameters of regular SETs from waveforms.
Consistent with existing SET modeling approaches [82], the shape parameters are: rise time (RT), fall

Table 4.1.: Simulation setup

Transistor sizing Minimal sizing, W/L = 80 nm/20 nm
Process, Voltage, and Temperature (PVT) TT (typical-typical), 0.8 V, 25°C
Threshold voltage SLVT (super low threshold voltage)
Load capacitance range (200 aF, 2000 aF)
Pulse parameters (RT, FT,PW) = (50 ps, 500 ps), PH € (0V,0.8V)
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time (FT), pulse width (PW), and pulse height (PH), which can inherently define the corresponding
waveform. The obtained datasets represent the following relationship for each structure:

SET;n(Waveforms, Load) — SET;,(Shape) 4.1)

The shape parameters of propagated regular SETs depend solely on the shape parameters of injected SETs
and load. Hence, regression is utilized to establish the following relationship:

SET;,(Shape, Load) — SET,,:(Shape) 4.2)

Then, neural network (NN) models are trained to predict the propagation delay, which indicates the
relationship:

SET;,(Shape, Load) — Delay 4.3)

To simplify the modeling process, we utilize neural networks due to our observation of the complex
dependency of delay on shape parameters and load, which includes both linear and non-linear relationships.
Hyperparameters are listed in Table 4.2.

The following cases are categorized as regular SET propagation cases, and all the rest of the cases are
irregular pulses:

* High-to-low SETs propagate through PMOS
* Low-to-high SETs propagate through NMOS
* Regular pulses propagate through inverter.

* Irregular pulses propagate through inverter.

* Regular pulses propagate through a weak buffer.

4.2.3. Modeling Irregular SETs

This subsection explains the basic concept of modeling the shape of the irregular SETs. The shape
modeling method for the regular SETs is not appropriate for irregular SETs since the output may not reach
the 50% PH, and PW is thus not measurable. Hence, an analytical fitting-based method is proposed to
approximate the waveforms of irregular SETs. Then, regression is needed to estimate how such irregular
waveforms propagate through several structures. Modeling propagation delay is not essential for irregular
SETs since it can be estimated from the waveforms.

Asillustrated in Fig. 4.1(b), as the input voltage falls, the NMOS PTL starts operating in the subthreshold
region, and shortly thereafter it moves to the saturation and then the linear region, respectively. After the

Table 4.2.: Hyperparameters

Hyperparameters Search space
Number of hidden layers [1,10]
neurons per layer [2,36]
activation function ReLU, Tanh, Sigmoid
optimizer SGD,Adam
learning rate [0.0001,0.11]
batch size 2,4,8,16,32,64
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output voltage is equal to the input voltage, they remain identical until the input rises above a value, which
can be safely assumed to be the minimum ON-state gate-source voltage (Vys(th)(min)) of the NMOS
transistor according to the simulation results. Finally, the output rises extremely slowly, since the NMOS
PTL operates again in the subthreshold region.

Hence, the operating regions of the NMOS PTL during SET propagation can be classified as follows
and be fitted separately:

* Falling subthreshold region: Output voltage is higher than Vgs(th)(min) while input voltage is
falling.

* Identical region: Output and input voltages are identical.
* Transition region: The region between the falling subthreshold and the identical region.

* Rising subthreshold region: Output voltage is higher than Vgs(th)(min) while input voltage is
rising.

* Constant subthreshold region: Output voltage is higher than Vgs(th)(min) while input voltage is
constant.

The objective of curve fitting is to model the irregular output voltage using concise mathematical
expressions. We first present the proposed method of fitting the irregular output voltage and calculating
the fitting parameters for each region. The output voltage in the falling subthreshold region can be
analytically calculated as a function of time (t):

y = —e*=9 & constant 4.4)

with A and € as fitting parameters. The following relationship is obtained between the falling slope of
injected SET, load, and these two fitting parameters:

SET;n(FS,CL) — A€ 4.5)

where FS stands for the falling slope, which can be derived using TF and PH. CL stands for load capacitance.
This relationship can be modelled by linear regression functions with incorporated non-linear terms:

log(A) =a-FS+b-FS*+d-CL®- FS' + constant 4.6)

€=a-FS+b-CL°- FS? + constant 4.7

It should be noted that the parameters like a and constant, appearing in all equations, are not identical,
implying that they are local variables that are specific to each equation.

In the transition region, the output voltage decreases linearly with time and can be accurately expressed
as:

Yy =a-t+constant 4.8)

where the fitting parameter a is correlated with the falling slope and the load. The non-linear relationship
between the fitting parameters of these two regions, the falling slope and the CL, is identified using a
feedforward neural network.

After the output voltage rises into the rising subthreshold region, its slope decreases linearly with the
increment of voltage. Hence, the curve fitting can be done as follows: given the output voltage at time ¢,
the output voltage at time (¢ + At) is :

Yisrr) — Yr = a- At 4.9
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Figure 4.6.: Curve-fitting results for irregular SET propagation modeling as well as an example of irregular SETs.

where At is the time step and a is the slope parameter. Equation. 4.6 is used to calculate the fitted slope
parameter, in which the falling slope is replaced by the rising slope. Similar to the rising subthreshold
region, we fit the log-transformed slope change for the constant subthreshold region. However, the fitted
slope parameter of this region depends only on the load. An example of this fitting method’s outcome
for the constant subthreshold region is illustrated in Fig. 4.6(a), with the green marker the obtained
log(slope), red marker the fitted log(slope).

We thus fit the irregular waveform and illustrate the calculation of the fitting parameters. To further our
analysis, we investigate how such irregular pulses propagate through an NMOS PTL or an inverter, which
are the most relevant cases in PTL designs.

When irregular SETs propagate through an NMOS PTL, the output SET’s fitting parameters show a
strong dependency on the input SET’s fitting parameters and CL. For instance, the parameters A of the
propagated SETs can be computed by Equation 4.6, and the attenuation effect can be modeled by a linear
function F which includes incorporated polynomial terms:

SETour(log(A)) = F(SET;(log(A)°, CLY) (4.10)

Similarly, analysis of the dependency of the fitting parameters on propagation is performed for each region.
When irregular SETs propagate through an inverter, an exponential function similar to Equation. 4.4 and
a linear function are demonstrated as appropriate fits for the rising and falling regions, respectively.

Algorithm 1 summarizes the proposed estimation procedure for propagated irregular SETs. We observe
a direct relationship between the input PH and the maximal output PH, which can be well approximated
by a SoftSign function:

PHyy; =a-b-(PHiy, — ¢)/(1 + |b - (PH;, — ¢)|) + constant “4.11)

where PH stands for pulse height, and the others are fitting parameters. Thus, the output waveform
estimation, which includes piecewise fitting for three regions, can be accurately performed. A neural
network is configured to identify the relationship between the input irregular fitting parameters, the output
fitting parameters, and the load to simplify the modeling process. An example of the outcome of this
method is shown in Fig. 4.6(b), with the green line the input SET, the blue line the response output SET,
and the red dashed lines the region-based fitted output SET. Hyperparameters are listed in Table 4.2.
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Algorithm 1 Estimation of shape parameters for irregular SETs propagated through an inverter.

Require: SET,,;(waveforms), SET;,(waveforms), T

1: Rising, Falling, Plateau < SET,,;(wave forms)
. // Split the waveforms into three regions
: OUT_fit « Piecewise_fitting(Rising, Falling)
: // Fit the Rising and Falling regions
: IN_fit « Curve_fitting(SET;,(wave forms))
: // Fit the irregular SETs according to the mentioned steps
: Reg_model «— (OUT_fit,IN_fit,CL)
: // Perform regression on fitting parameters and load
: IN_wave « Curve_fitting(IN_wave)
: // Given an irregular input SET, at first perform curve fitting
: whilet € T do
// For time point t in the time interval T
Rising(t), Falling(t) < Reg_model(IN_wave, CL)
if Rising(t) > PH,,; then

Conduct Plateau(t)

end if
: end while
: Out_wave < Concat(Rising(t), Plateau(t), Falling(t))
: Derive shape parameters from Out_wave

O 00 3 N L B W

e e e i e
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Table 4.3.: Performance of regression models for SET propagation through NMOS structures evaluated on test datasets using
RMSE and R? metrics

Regular through NMOS | Irregular through NMOS
RMSE R? RMSE R?
Falling log(1) 0.069 0.985 0.128 0.933 (2-3) x 101
Falling € 6.48x 10712 | 0.994 | 8.44x107!2 0.990 (1-40) x 10710
Transitiona | 1.57 x 10° 0.972 2.31 x 107 0.961
Rising a 2.44 x 107 0.991 7.34 x 107 0.975 (3.5-15) x 10!!
Constant a 2.12 x 107 0.982 5.23 X 107 0.984

Parameters Value interval

4.2.4. Evaluation of Models

Table 4.3 and Table 4.4 illustrate the Root Mean Square Errors (RMSEs) and R-squared scores obtained
from the test sets of all regression cases. The first column of the table displays the fitting parameters
of each region, e.g., Falling_log(A) is the parameter log(A) of the falling region of the irregular pulses
introduced in Eq. 4.6. A regression model is developed to estimate Falling_log(A) after regular pulses
propagate through an NMOS, based on the shape parameters (PW, PH, RT, FT) of the input regular pulses
and the load. In the case of irregular pulses, Falling_log(4) is estimated using the log(1) value of the
input irregular pulses.

The RMSE values are small compared with the corresponding value intervals, indicating strong
predictive capability of the proposed models. Moreover, the proposed functions accurately fit all regions,
as indicated by the average RMSE and R-squared values of 0.015 and 0.969, respectively. Even the
worst-performing region exhibits respectable values of 0.028 and 0.945 for RMSE and R-squared.
Predicted against actual values of several cases are shown in Fig. 4.7, which shows that the predicted
values have good agreement with the actual values.
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Table 4.4.: Performance of regression models for SET propagation through inverter structures evaluated on test datasets using

RMSE and R? metrics

Parameters RMSE R? Value interval
Inverter log(A) 0.088 0.979 | (1-1.7) x 10!
Inverter e 7.62x 10712 | 0.975 | (1-28) x 10710
Inverter a 4.33%x 107 | 0.986 | (3-12) x 10™!
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Figure 4.7.: Predicted versus actual fitting parameters in the falling subthreshold region. (a)-(b) correspond to regular-to-irregular
propagation cases, while (c)-(d) correspond to irregular-to-irregular propagation through a single NMOS structure.
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Figure 4.8.: 4-bit RCA used as the DUT for validation.

4.3, Results and Discussion

4.3.1. Simulation Setup for Validation

A 4-bit RCA consisting of BUIO2 PTL full adders FAs [64] and CMOS full adders is considered as the
DUT, as shown in Fig. 4.8. Each PTL FA stage is followed by a CMOS FA stage. We run circuit-level
simulation to inject 10000 regular transient SETs with randomly generated shape parameters into the
"B" port of the least significant bit BUIO2 FA, which is selected as the error-injection FA. An input
combination is selected such that the injected SETs can propagate through the entire RCA without logical
masking. The output waveforms and propagation delays at all ports are recorded and compared with
the results predicted by the proposed framework to verify the accuracy. The simulation setup used for
validation is identical to the setup used during training dataset generation, as summarized in Table 4.1.

4.3.2. Accuracy Comparison and Discussion

In this paper, waveforms are represented as a function of time. The mean absolute error (MAE) is utilized
to characterize the difference between each waveform predicted by the models and obtained from the
simulation, which is defined as :

MAE - Z?zl ’Wavepre(t) - Wavesim(t)l (4.12)
n

where n is the number of discrete time points, Wave,,.(t) and Waves;,(t) are the predicted and simulated
voltage values of a waveform at a time point ¢, respectively. The minimum, maximum, and average
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Figure 4.9.: Comparison between predicted and simulated waveform and delay errors.
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waveform prediction errors at each output port are illustrated in Fig. 4.9(a), and the average waveform
prediction MAE remains around 15 mV. Moreover, the maximum propagation-delay prediction error is
approximately 12.5%, while the average error remains around 8%.

The prediction error is mainly attributed to the approximation of MOSFET loads as equivalent capacitive
loads, as well as inaccuracies introduced by curve fitting and regression modeling. In addition, the
current framework does not explicitly model SET reconvergence scenarios, where multiple transient
pulses simultaneously propagate through different transistor paths. Overall, the proposed framework
demonstrates strong agreement with circuit-level simulations while significantly reducing the complexity
of SET propagation analysis in PTL circuits.

4.4, Conclusion

In this chapter, a learning-based structural SET propagation framework for PTL circuits was proposed.
Unlike conventional gate-level black-box prediction approaches, the proposed methodology models
transient propagation behavior using reusable transistor-level PTL building blocks, enabling compositional
SET analysis for complex PTL structures. By combining curve-fitting techniques with machine-learning-
based prediction models, the proposed framework can efficiently capture distorted transient propagation
behavior and long-tail SET waveforms frequently observed in PTL circuits. The accuracy of the proposed
methodology was validated through extensive circuit-level simulations while significantly reducing
simulation complexity compared with conventional SPICE-based approaches.
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5. Impact of Radiation and Aging on DVFS in 22nm
FDSOI Latch

FDSOI technology has emerged as an important alternative to conventional bulk CMOS technologies for
safety-critical automotive applications due to its improved electrostatic control, reduced variability, and
enhanced low-voltage operation. These characteristics are particularly beneficial for advanced digital
systems that contain large numbers of sequential storage elements, such as latches and flip-flops, where
reliability and energy efficiency are critical.

Previous chapters focused primarily on SET propagation behavior in combinational logic. However,
modern computing systems also contain large numbers of sequential storage elements, where radiation-
induced transients can propagate to storage nodes and result in SEUs or timing failures. Since the
susceptibility of sequential circuits to radiation-induced faults strongly depends on latch timing margins,
accurate functional correctness analysis becomes increasingly important for reliability evaluation. The
maximum operating frequency of a circuit is determined by the delay along its critical path. This delay
consists of the logic cloud delay and the setup time (Tseryp) of the capture latch. Setup time, defined
as the interval during which data must remain stable at the latch input before clock arrival, plays a
pivotal role in ensuring correct circuit functionality. Consequently, understanding and optimizing Tsesup
is fundamental for improving the performance and reliability of sequential circuits utilizing FDSOI
technology. Such reliability challenges must be carefully addressed as part of SLM infrastructures,
particularly in safety-critical applications such as automotive systems, where strict functional safety
requirements and near-zero defective parts per million (DPPM) targets are mandated by standards such
as ISO 26262 [83]. At the same time, accurately modeling radiation-induced transient currents in
advanced FDSOI technologies remains challenging because charge collection behavior strongly depends
on technology-specific device properties such as doping profile, electric-field distribution, and device
geometry. Therefore, physics-based TCAD simulations become increasingly important for accurately
capturing technology-dependent transient current behavior and enabling reliable circuit-level radiation
analysis.

In advanced circuits, NBTT also poses a significant reliability concern due to its impact on transistor
Vin. This degradation mechanism mainly affects PMOS transistors and progressively degrades circuit
performance over time. In latch structures, NBTI-induced threshold voltage shifts can alter switching
behavior and timing margins, thereby modifying the vulnerability window in which radiation-induced
transients may cause functional failures.

Consequently, aging-induced timing degradation and radiation-induced transient faults cannot be
analyzed independently in advanced sequential circuits, since both mechanisms jointly determine the
timing vulnerability of sequential storage elements. While numerous studies have investigated the effects
of NBTI and radiation individually, their interaction in FDSOI latch structures remains insufficiently
explored. Therefore, this chapter presents a detailed analysis of widely used latch designs under NBTI and
radiation stress in 22 nm FDSOI technology, based on the work published in [3]. By calibrating TCAD
models and developing corresponding circuit-level models, this work investigates how NBTI-induced
threshold voltage shifts and radiation-induced transient currents affect latch timing margins. Furthermore,
voltage, sizing, and frequency adjustments are explored as potential strategies to improve latch robustness
under aging and radiation. The main contributions of this chapter are summarized as follows:
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1. Calibration of TCAD models to accurately capture the characteristics of GlobalFoundries’ 22 nm
FDSOI transistors, followed by NBTI simulations for PMOS devices and development of a
corresponding AV;;, model.

2. Development of radiation current models that enable more accurate incorporation of low- and
high-energy radiation effects into circuit-level simulations.

3. Integration of the NBTI model with the radiation current model in circuit-level simulations to
perform detailed reliability analysis of latch structures, with particular focus on Tsesyp as a key
timing metric.

4. Comprehensive analysis of latch robustness under variations in supply voltage (Vpp) and transistor
sizing, together with design insights for improving latch reliability through strategic adjustment of
sizing and Vpp.

The remainder of this chapter is organized as follows. Section 5.1 introduces existing NBTI and
radiation current models. Section 5.2 presents the proposed methodology, including TCAD calibration,
NBTI simulation, radiation simulation, and model development. Section 5.3 evaluates latch Tz, under
NBTI, radiation, and combined reliability stress, as well as the influence of supply voltage and transistor
sizing on latch vulnerability. Finally, Section 5.4 summarizes the chapter.

5.1. Preliminaries

This section briefly reviews the background and related work on NBTI degradation modeling and
radiation-induced heavy-ion current modeling in advanced FDSOI technologies. Since both NBTI-
induced threshold voltage degradation and radiation-induced transient currents strongly affect latch
timing behavior and reliability, accurate physical modeling of these effects is essential for the combined
reliability analysis presented in this chapter.

5.1.1. NBTI Models

NBTI poses a major challenge to the reliability of p-channel MOSFETs. It leads to a progressive
accumulation of positive charges in the gate insulator when the gate is negatively biased at high
temperatures, which leads to changes in the AV;,, transconductance, and subthreshold slope over time
[84]. Several studies have been conducted on NBTI modeling. In [85], a thermionic double-well model
is presented. The change of the interface trap (ANj7) is calculated according to a first-order thermionic
reaction between the H-bound ground state and the H-transport state. A framework based on an MSC
model is proposed [49], which integrates passivisation—depassivisation of bonds via a reaction-diffusion
(RD) model and trapping and detrapping of holes. We use this framework to perform NBTI simulations
in TCAD. Details will be explained in the next section.

5.1.2. Heavy lon Current Models

When a heavy ion hits a transistor, this leads to a charge accumulation and thus to a transient current at the
affected circuit node. Several models have been developed to simulate the processes of charge generation,
charge transport, and charge accumulation and to accurately calculate the electrical response. The double
exponential current model [21] has been proven to be an efficient model that models the current as a
process of prompt charge accumulation and diffusion charge accumulation sequentially. However, this
model does not account for the bipolar amplification effect in FDSOI. Therefore, the author introduces a
TCAD-based current model in [86] that comprehensively integrates the effects of the lowering of the
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barrier and thus facilitates the flow of charge carriers from the source to the drain. This process leads to
the generation of an additional current, identified as bipolar amplification. However, the implementation
of this model requires a high level of expertise in semiconductor physics. Therefore, we derive the
current model from TCAD simulations and use it in the circuit-level simulation to accurately represent
the radiation current induced while reducing the complexity of the modeling process.

5.2. Methodology

In this work, a detailed analysis of four widely used latches [87], [88], [89] as shown in Fig. 5.1, is
presented, specifically considering the combined effects of NBTI and radiation. In this section, we
introduce our proposed method for TCAD-based NBTI and radiation analysis. The major steps include:

* TCAD Calibration: The FDSOI models are constructed using TCAD and calibrated against the
process design kit (PDK) model. This calibration process includes a detailed comparison of the

N10.

(c) The WPMS latch [88] (d) The ASAP7 latch [89]

Figure 5.1.: Schematics of the considered latches under test. SSTC MS: static single-transistor-clocked master-slave latch,
WPMS: write-port master-slave latch, ASAP7: latch in Arizona State University’s 7-nm FinFET predictive PDK, MC2MOS:
modified clocked CMOS logic latch.
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drain current versus drain voltage (ID — VD) and drain current versus gate voltage (ID — VG)
curves to ensure accuracy and consistency with the PDK’s specifications.

* Building the NBTI Model: We model the AV,;, due to NBTI over time under constant stress,
examining the impact of V4 and temperature on AV;y,.

* Building the Radiation Current Model: First, we perform TCAD simulations to identify the
MOSFET’s radiation-sensitive region by varying strike locations, angles, and operating conditions.
These results are then converted into a current source for circuit-level simulations.

* Model Exploitation: We perform tests on latches to assess the impacts of NBTI and heavy ion
radiation on T.syp, aiming to comprehend their combined effect on latches’ reliability and to
strategically adjust size and V.

5.2.1. TCAD Calibration

In this work, NMOS and PMOS devices are calibrated utilizing the Sentaurus Structure Editor, and later
simulated via the Sentaurus Device Simulator [90]. This process aims to align their specifications with
those outlined in GlobalFoundries’ PDK [91]. The calibration is conducted at a temperature of 300
K, with a transistor width-to-length (W/L) ratio of 80 nm/20 nm, which represents the minimum size
characterized within the PDK, ensuring the devices’ compliance with industry standards. Moreover,
the calibration between the TCAD simulations and the PDK data is performed by adjusting various
geometrical and doping parameters to achieve a qualitative match suitable for digital logic applications.
The parameters for the TCAD models are listed in Table 5.1. In addition, the drift-diffusion model is used
in the simulation. Consequently, a comparison of the transistor output characteristics between the TCAD
and PDK models is shown in Fig. 5.2(a), while the structure of the FDSOI is depicted in Fig. 5.2(b).

5.2.2. Modelling NBTI Effect

The NBTI effect is modeled using the Sentaurus device simulator, integrated with the RD model to
calculate the interface trap generation using the Capture Emission Depassivation model referenced in [49].
The RD model concept is depicted in Fig. 2.5. Moreover, stress duration in the simulation ranges from 0
to 3 years, under conditions of nominal stress (Vpp = 0.8V, T = 298.15K) and high stress (Vpp = 0.96V,
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Figure 5.2.: Output characteristics of the TCAD and PDK MOSFETs and the proposed raised source/drain FDSOI structure.
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5.2. Methodology

Table 5.1.: FDSOI parameters

Parameters NMOS PMOS
Gate Width / Length 80nm / 20nm
Effective Gate Thickness 1.25nm
Channel Thickness 6nm
Box Thickness 25nm
Body Material Silicon | Siy75Geq o5
S/D Doping 4e+20 cm™3
Substrate Doping le+18 em™3
Channel Doping Undoped
Work Function 4.45eV 4.62eV

T = 398.15K), as illustrated in Fig. 5.3(a). The simulation initiates with a specified number of intact
Si—H bonds at the channel-gate oxide interface and employs the charge trapping model in both SiO2 and
HfO2 layers, following the setup in [49].

In addition, AV}, is quantified by the Ip-Vi test, where Vpg is set to half the value of Vpp, i.e.
Vps = 0.5« Vpp. A Verilog-A model is used to represent AV, as a stress time-dependent voltage source.
This model not only facilitates circuit-level simulations but also interpolates AV;;, values for cases where
the corresponding stress time is not available. To assess the worst-case degradation of a PMOS device, a
high-stress scenario with no recovery is considered and then implemented in the circuit-level simulations.

5.2.3. Modelling Radiation Current

As mentioned in the previous section, our first investigation focuses on the sensitivity of the transistor to
radiation. This analysis employs a heavy ion model to emulate radiation effects, characterized by a track
length of 1 ym and a Gaussian spatial distribution with a characteristic width of 10 nm. Two different
particle energies are selected for this study: 10 MeV cm?mg~! and 40 MeV cm*mg~!, which are referred
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Figure 5.3.: Analysis of AV}, under three stress conditions and variation of radiation-induced current across diverse locations
and operating conditions.
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Figure 5.4.: Analysis of Tgsyp violation for the ASAP latch at size X1, studied under conditions without and with high-energy
ion injection at N7. Initial delays for CLK and DAT are 300ps, with DAT shifted to the CLK edge in 0.4ps increments.

to as low-energy and high-energy particles, respectively. These energies are representative of critical
particles, such as alpha particles, which are important for FDSOI technologies [92]. Furthermore, the
investigation includes an analysis of different strike locations within the device, as well as a variation
of operating conditions. The results show that the radiation current varies only slightly in the different
scenarios, as shown in Fig. 5.3(b). Consequently, the largest observed current is selected and converted
into a current source specifically for circuit-level simulations, enabling a precise evaluation of the circuits
under worst-case radiation scenarios.

5.2.4. Setup Time Simulation

The Tietup, defined as the interval during which data (DAT) must remain stable before the clock (CLK)
arrives at a latch, is challenging to model due to the latch’s near-metastable behavior. We use circuit-level
simulations to assess Tseryp and its sensitivity to size, Vg4, NBTI, and radiation. As shown in Fig. 5.4(a),
as DAT shifts towards the CLK edge, the latch fails to maintain a switch to logic ‘1’ and reverts to ‘0’, as
prior data at Q prevails. Thus, Tsezyp is the critical interval between CLK and DAT where Q degradation
begins, causing functional failure.

5.3. Model Implementation and Analysis

In this study, we seamlessly integrate the proposed NBTI and radiation-induced current models into the
evaluation framework for digital latch circuits. Our investigation primarily focuses on the latch tsezyp to
evaluate the accuracy and operation efficiency of the digital circuit. The evaluated latches are shown
in Fig. 5.1, and the individual load is selected based on the fan-out-of-four sizing method to ensure
performance. The objectives of our comprehensive test include:

* Adjusting the transistor size within each latch to ensure correct operation of the latch.

¢ Evaluating the performance of the latches with particular attention to fsesy,p under nominal Vpp as
well as under variations of +20%.

* Investigating the influence of the transistor size on the latch performance by systematically doubling
the transistor size in each latch and the resulting influence on tgezyp.
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5.3. Model Implementation and Analysis

* Performing separate NBTI and radiation tests to evaluate the impact of both low- and high-energy
radiation, in addition to varying stress duration, on the devices.

* Performing analysis of NBTI and radiation testing to determine the combined effects of aging on
the heavy ion resistance of the selected latches. This integrated evaluation also examines the effects
of Vpp and the size of the latches on the resistance of the latches to radiation.

We present the findings of our investigation into latch performance and resilience. Initially, we elucidate
the Tserup for fresh latches, with a focus on analyzing the impact of Vpp and transistor size on Tgezyyp.
Subsequently, we assess the radiation resilience of each fresh latch variant by comparing Ty, under
conditions of ion strikes at the most susceptible nodes in each latch. Additionally, the investigation
encompasses the effects of aging on latch performance. This includes an analysis of the impact of two
aging mechanisms: the aging associated with storing a logic ‘0’ and the aging associated with storing
a logic ‘1’. To offer comprehensive insights into how aging influences a latch’s resilience to radiation,
we also conduct radiation tests on aged latches. Through this systematic approach, we aim to provide a
detailed understanding of the variables affecting latch performance and durability, particularly concerning

Tsetup-

5.3.1. Simulation Setup

The circuit-level simulation is conducted at a temperature of 300 K under the typical-typical corner. We
choose a transistor W/L ratio of 160 nm/20 nm as the minimum size (X1) for transistors to ensure a
higher noise margin compared to the PDK’s minimum ratio of 80 nm/20 nm. To determine the size of the
transistors in a latch, we apply the fan-out-of-4 method and also improve the driving ability by increasing
the size of the output transistors. For example, as shown in Fig. 5.1(d), the transistors N4 and P4 are
sized as 320 nm/20 nm, while other transistors maintain a size of 160 nm/20 nm. The size of the load
inverter is increased to 640 nm/20 nm. In addition, the rise time for DAT and CLK signals is set to 15 ps,
and the simulation time is 1 ns. The T,y is subsequently assessed using the methodology described in
Section 5.2.4.

5.3.2. Fresh Latch Analysis Excluding Radiation Impact

We investigate the impact of transistor size and Vpp on the Tyeyyp of fresh latches, without taking radiation
into account. Fig. 5.5 shows that increasing the transistor size can significantly reduce the Tgeqp of the
WPMS latch, especially at lower Vpp. For example, doubling the transistor size shortens the Tgerp 0f the
WPMS latch by 31% (from 74.2 ps to 51.2 ps) at Vpp = 0.64 V, and by 15.6% (from 40.5 ps to 35.4
ps) at Vpp = 0.96 V. However, this effect is less pronounced in other latches. For instance, the ASAP
latch’s Teqyp decreases by 7.7% at Vpp = 0.64 V and 6% at Vpp = 0.96 V. Additionally, an increase in
Vpp reduces Tiewp, especially for smaller transistors, with the WPMS latch having the highest sensitivity
to Vpp changes. At X1 size, its Tserp 18 45% lower at Vpp = 0.96 V than at 0.64 V.

5.3.3. Fresh Latch Analysis Including Radiation Impact

Further, we explore the radiation effects on fresh latches, focusing on the influence of transistor size and
Vpp on their radiation resilience. We inject a radiation-induced current 1 ps after the CLK has stabilized
after the transition. Notably, the SSTC latch exhibits the highest sensitivity to radiation, which can only
recover from low-energy radiation at Vpp = 0.96 V at size X1, with Ty increasing by 22.4%. It fails
to recover from high-energy radiation at both X1 and X2 sizes. In contrast, at size X1, the other three
latches can recover from low-energy radiation across all Vpp with a negligible increase in Tsesyp, and can
only recover from high-energy radiation at high Vpp.
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Figure 5.5.: Comparison of fresh latches’ Tyeyp Without radiation.
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Figure 5.6.: Comparison of fresh latches’ Tyse.p under radiation. Missing data points indicate the latch fails to retain data.

At size X2, the WPMS latch shows a slight variation in Tsesyp under both low- and high-energy radiation,
in contrast to the ASAP and MC2MOS latches, which are more susceptible to high-energy radiation at
lower Vpp, as illustrated in Fig. 5.6(b). For example, with high-energy radiation at size X2, the Tszyp for
the ASAP latch increases to 33.9 ps, which is a significant increase of 94.8% and 120.1% compared to its
low-energy radiation and without radiation conditions, respectively.

5.3.4. Aged Latch Analysis Excluding Radiation Impact

In our subsequent study, we evaluate the influence of NBTI on the Tty for latches, excluding the
radiation effect. Two distinct aging mechanisms are considered, one associated with the storage of logic
‘0’ and one associated with the storage of logic ‘1°. First, we identify the transistors in each latch that are
affected by each aging phenomenon. For instance, in the ASAP latch as shown in Fig. 5.1(d), transistors
P1, P2, PS5, and P6 are susceptible to NBTI when storing logic ‘0’, while transistors P1, P4, P6, and P7
are sensitive when storing logic ‘1’. Subsequently, the V};, of the affected transistors is modified using the
previously described NBTI model, in which two predetermined periods of constant stress are considered:
short-term stress (1e4 seconds) and long-term stress (1e8 seconds).

The latches demonstrate different responses to the two aging mechanisms. In particular, the transistor
size shows a smaller influence on Tgesp compared to Vpp under the stress of storing ‘0°, as shown in
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Tsetup Comparison under logic 0 stress, X1 Size Tsetup Comparison under logic 0 stress, X2 Size

100 o SSTCled s 100 —o— SSTCleds
A o Mapiets vy
80 —e— MC2MOS 1e4 S 807 , —e— MC2MOS 1e4 S
— N -4- SSTC1le8 S — - -4- SSTC le8 S
2 e |8 e
e 60 “\“ -4- MC2MOS 1le8 S & 60 \\\‘x“\‘ -4- MC2MOS 1e8 S
o -3
2 2
¥ 40 2 40
"] 0]
- =
20 20
0 0
0.64 0.72 0.8 0.88 0.96 0.64 0.72 0.8 0.88 0.96
Voo (V) Vpp (V)
(a) Latches’ Tsteup , X1 size (b) Latches’ Tyrewp , X2 size
Figure 5.7.: Latches’ Tyseup under logic ‘0’ stress without radiation.
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Figure 5.8.: Latches’ T, under logic ‘1’ stress without radiation.

Fig. 5.7(a) and 5.7(b). Storing ‘0’ reduces the switching speed of the SSTC latch, but accelerates that of
the other three latches. For the ASAP and MC2MOS latches, however, the effect of storing ‘0’ aging
is negligible. For both transistor sizes, the MC2MOS latch cannot retain the data at lower Vpp levels.
Moreover, at Vpp = 0.64 V, the SSTC latch shows an increase in Tseryp 0f 51.4% under short-term stress
and 118.1% under long-term stress at size X1, with corresponding increases of 43.2% and 101.6% at
size X2 compared to the fresh device. Conversely, storing ‘0’ significantly reduces the Tseyp oOf the
WPMS latch, especially at lower Vpp levels. For example, its Tseryp decreases by 71.0% and 52.8% at
Vpp = 0.64 V and 0.96 V at size X1 respectively.

In contrast to storing ‘0" stress, the transistor size can significantly influence the Tsesyp under storing ‘1’
stress, as shown in Fig. 5.8(a) and 5.8(b). While storing ‘1’ slows down all latches, it has a negligible
effect on the ASAP and the MC2MOS latch. However, the WPMS latch is highly sensitive to storing ‘1’
and fails at all Vpp levels for long-term stress at size X1. In particular, at lower Vpp, its Tsezyp increases
significantly (107.5% at size X1 and 56.8% at size X2) compared to fresh conditions, suggesting that
larger transistor sizes can mitigate the aging effects of storing ‘1°. In addition, the Tseyp of the SSTC
latch increases more significantly under long-term storing ‘1’ stress, especially at lower Vpp, with an
increase of 152% at size X2 and Vpp = 0.64V to storing ‘0’ stress, highlighting the pronounced effect of
storing ‘1’ stress.
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Figure 5.9.: Latches’ Tg;eyp under logic ‘0’ stress with radiation.
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Figure 5.10.: Latches’ Tyse.,, under logic ‘17 stress with radiation.

5.3.5. Aged Latch Analysis Including Radiation Impact

In further tests, we evaluate the effects of aging on the radiation resilience of all tested latches. Our
results show that aging can significantly increase the sensitivity of all latches to the effects of radiation.
In particular, only the MC2MOS latch shows the ability to recover from high-energy radiation across all
Vbp levels after being stressed for a long time at size X2. Therefore, we present the results of tests with
low-energy radiation.

As shown in Fig. 5.9 and Fig. 5.10, the SSTC latch is most sensitive to low-energy radiation under
storing ‘0’ stress and storing ‘1’ stress and cannot recover at size X1 in the scenario of storing ‘1’ across
all Vpp levels. Compared to its fresh state (Fig. 5.6(a)), it is noteworthy that the stress of storing *0’
allows recovery from radiation at higher Vpp levels. At size X2, storing ‘1’ stress worsens the radiation
sensitivity of the SSTC latch, especially at lower Vpp levels. For example, for short-term stress, its Tsezup
increases by 65.2% (from 46 ps to 76 ps) with storing *1’ stress and by 23.9% (from 46 ps to 59.7 ps)
with storing ’0’ stress, relative to its fresh radiation response.

The MC2MOS and WPMS latches display only minor sensitivity to the combined effects of aging and
radiation. Comparing Fig. 5.7 to Fig. 5.10, most of the changes in Ty are due to aging rather than
radiation. In addition, the ASAP latch exhibits significant radiation sensitivity only with storing ‘1’ stress
at low Vpp levels. At size X1 and Vpp = 0.64 V under long-term stress, its Tsesup increases by 89.1%
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(from 22 ps to 41.6 ps), while storing ‘0" stress leads to a Ty reduction of 21.4% (from 22 ps to 17.3
ps), compared to its fresh state with radiation.

5.4. Conclusion

Radiation has a significant impact on latch timing and affects dynamic voltage and frequency scaling,
especially for latches that are smaller and operate at a lower supply voltage. Among the tested latches, the
MC2MOS latch shows the most consistent performance and proves resistant to the effects of Negative
Bias Temperature Instability, radiation, and their combined effects. The radiation resistance of the ASAP
latch improves when subjected to ‘0’ storing stress. However, it shows lower reliability under ‘1’ storing
stress. Furthermore, improving the transistor size and increasing the supply voltage of both the SSTC
and the WPMS latch can significantly increase their resistance to both NBTI and radiation effects. This
observation underscores a crucial tactic for designers seeking to improve the reliability of digital circuits
with these latch designs.
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6. Addressing the Combined Effect of Transistor and
Interconnect Aging in SRAM towards Silicon
Lifecycle Management

The long-term reliability of SRAM, as a key component in modern computing architectures, is becoming
increasingly important for safety-critical applications such as automotive systems. In advanced technology
nodes, both FEOL transistors and BEOL interconnects are affected by aging mechanisms that degrade
circuit reliability over time. In the FEOL, NBTI causes threshold voltage (V;;,) degradation in PMOS
transistors, leading to increased delay and reduced switching performance. In the BEOL, EM gradually
increases interconnect resistance due to metal atom migration caused by high current density and
temperature. As device dimensions continue to scale and integration density increases, the combined
impact of NBTI and EM becomes increasingly critical for SRAM reliability and writability.

Existing SRAM reliability studies mainly focus on individual degradation mechanisms in isolation.
However, in advanced scaled technologies, SRAM reliability increasingly depends on the interaction
between transistor aging and interconnect degradation. NBTI-induced threshold voltage shifts degrade
write-driver strength and increase switching delay, while EM-induced resistance degradation further
weakens voltage delivery through scaled bit-line and word-line interconnects. As a result, the combined
effects of FEOL and BEOL aging mechanisms can considerably aggravate SRAM writability degradation
and timing failures. For safety-critical applications, reliable aging analysis is an essential part of SLM
infrastructures and requires analysis of the combined impact of FEOL transistor aging and BEOL
interconnect degradation on SRAM operation, together with effective aging-aware testing, monitoring,
and mitigation strategies.

This chapter is based on the work published in [4]. It investigates the combined impact of NBTI and
EM degradation on SRAM writability in 22 nm FDSOI. By integrating transistor aging and interconnect
degradation models into circuit-level simulations, the proposed framework enables cross-layer reliability
analysis of SRAM write behavior under combined FEOL and BEOL aging stress. The main contributions
of this chapter are summarized as follows:

1. Development of a cross-layer reliability analysis framework considering both FEOL transistor
aging and BEOL interconnect degradation in advanced SRAM structures.

2. Modeling the impact of NBTI-induced threshold voltage degradation and EM-induced interconnect
resistance increase on SRAM writability and switching behavior.

3. Identification of possible failure mechanisms during SRAM write operation under FEOL and
BEOL degradation.

4. Investigation of the individual and combined effects of FEOL and BEOL degradation on SRAM
switching delay and write reliability.

5. Providing reliability insights toward aging-aware SRAM design and SLM methodologies.

The structure of this chapter is as follows: Section 6.1 introduces the impact of NBTI and EM
degradation on SRAM operation. Section 6.2 describes the proposed methodology, including TCAD
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calibration, transistor aging modeling, and EM-induced interconnect degradation analysis. Section 6.3
discusses the evaluation of SRAM writability under NBTI, EM, and their combined effects. Finally,
Section 6.4 concludes the chapter with a summary.

6.1. Related work

EM-induced failures in power interconnects have attracted significant attention because power lines
typically carry unidirectional current with relatively high current density. For example, the work in [93]
employed a tree-based interconnect structure together with physics-based EM modeling. The proposed
methodology considers both void nucleation and void growth to evaluate resistance degradation while also
accounting for the statistical nature of EM caused by random grain-size distribution. Furthermore, [94]
proposed an on-chip power-grid optimization framework considering EM void saturation volume in
multi-segment interconnects to improve long-term interconnect reliability.

In SRAM structures, [95] investigated the EM susceptibility of SRAM BLs under uniform workload
conditions using the empirical Black’s equation for EM modeling. Under uniform workloads, where the
number of Write ‘1’ and Write ‘0’ operations are assumed to be equal, the EM-induced degradation is
dominated by read operations. In addition, [96] proposed a workload-aware EM analysis methodology for
STT-MRAM bit-lines. However, the modeling of bit-line current behavior remains insufficiently realistic,
resulting in inaccurate EM lifetime prediction.

Although previous studies have investigated EM degradation in power grids and memory interconnects,
comprehensive analysis of workload-dependent EM degradation together with FEOL transistor aging
effects in advanced SRAM structures remains insufficiently explored.

6.2. Modeling Methodology

This section introduces our proposed method for TCAD-based NBTI and EM analysis. The major steps
include:

* TCAD Calibration: The FDSOI devices are constructed using TCAD and calibrated against the
PDK models by conducting a detailed comparison of the drain current versus drain voltage (Ip — Vp)
and drain current versus gate voltage (Ip — V5) curves to ensure accuracy and consistency with the
PDK’s specifications.

* Building the NBTI Model: The AV, due to NBTI is modeled under constant stress, assessing the
impact of V;; and temperature on AV,.

e Injecting the EM fault: Considering the impact of the EM in the resistance-increase phase by
increasing the per-SRAM parasitic resistance of the bit-line interconnect in small steps.

* Model Exploitation: Evaluating the individual and combined effects of NBTI and EM on SRAM
cell’s writability.

6.2.1. TCAD Model Calibration

In this chapter, both N-type and P-type transistors are simulated using the Sentaurus device simulator
with the drift-diffusion model and calibrated to GlobalFoundries’ SLVT FDSOI PDK. The parameters of
the proposed TCAD models are listed in Table 5.1. The calibration process involved the adjustment of
various geometric and doping parameters to achieve a good qualitative fit for digital logic applications.
Consequently, a comparison of the transistor output characteristics between the TCAD and PDK models
is shown in Fig. 5.2(a), while the structure of the FDSOI is depicted in Fig. 5.2(b).
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Figure 6.1.: SRAM cell schematics (a) and peripheral circuit (b), with per-cell parasitic resistance on BL and word line (WL).

6.2.2. Building the NBTI Model

The NBTI effect is modeled using the Sentaurus device simulator, integrated with the MSC model
mentioned in Section 5.2.2. This integration facilitates the estimation of the AV,; under different supply
voltage (Vpp) and temperature (T) conditions, covering a stress duration from O to 5 years. Fig. 5.3(a)
shows AV, for two specific stress scenarios: a nominal stress scenario (Vpp = 0.8V, T = 100°C) and a
high stress scenario (Vpp = 0.96 V, T = 125 °C), indicating the different effects on AV;. As described in
Table 6.1, it is assumed in this work that the SRAM operates under nominal stress conditions.

6.2.3. NBTI Fault Injection

The six-transistor SRAM cell shown in Fig. 6.1(a) combines two access transistors (AL and AR) for
external connections via bit lines (BL and BLB) and two cross-coupled inverters for data storage. Since
an SRAM cell can store identical data over prolonged periods, asymmetric degradation of the transistors
may occur [97]. Therefore, we investigate the consequences of NBTI and EM under the assumption that
the SRAM cell permanently stores a ‘0’ and thus forgoes any recovery mechanism, which particularly
affects the V;, of PL in Fig. 6.1(a).

6.2.4. EM Fault Injection

In our EM fault injection, we assume that the resistance increase due to the void will affect all the per-cell
parasitic resistances of BL equally. However, the effects of the nucleation and incubation phases cannot
be analyzed at the circuit level because their impacts are not propagative to this level. The phase of
resistance increase, characterized by its rapid progression, is of greater significance. Therefore, this work
focuses exclusively on the resistance-increase phase for functional failures.

6.2.5. Model Exploitation

We investigate the writability of an SRAM array featuring dimensions of 128 columns and 40 rows,
considering both the individual and combined impacts of NBTI and EM. The analysis focuses on the
SRAM cell located farthest from the driver, performing a write ‘1’— ‘0’ operation, representing the most
critical scenario. In the circuit-level simulation, we fully simulate the peripheral circuitry, including
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the WL driver, read and write circuitry, and pre-charger. For the SRAM array, however, we employ a
critical path simulation approach, i.e., we simulate the entire 128 rows and represent the columns with an
equivalent resistor-capacitor circuit and an SRAM cell.

6.3. Results and Discussion

In this section, the simulation results for the writability of the SRAM under the individual and combined
influence of NBTI and EM are presented. Our main focus in this investigation is the switching time
(Tswvizen) violation. The SRAM write operation is a sequence of the following operations:

 Activation of the corresponding WL.
* Activation of the write-enable signal.
» Switching the SRAM content.
* Pre-charging the BL and BLB.

The individual and combined effects of NBTI and EM can lead to significant challenges for SRAM
cells. First, it can prolong the Tj.,;:cn, resulting in delay faults where the SRAM cell cannot complete a
write ‘1’—*0’ within the critical T,,;;cp. Second, hard stuck-at faults can occur, rendering the SRAM
cell completely inoperable and unable to change its state. Our analysis distinguishes between successful
operations, where the cell can successfully perform a write ‘1’— ‘0’ operation within the critical Tg;;cp,
and these faults, examining the impact of NBTI and EM effects on SRAM writability.

6.3.1. Simulation Setup

The circuit-level simulations were performed using the typical-typical corner setting with a BL as a
critical path containing a 128-cell SRAM. The simulation setup is listed in Table 6.1. A transistor W/L
ratio of 100 nm/20 nm was assumed for the peripheral circuit, while a ratio of 80 nm/20 nm was chosen
for the cell and sense amplifier. To focus on evaluating SRAM performance under extreme conditions,
write-boost was excluded from our analysis to examine the inherent vulnerabilities of the SRAM array.

6.3.2. Individual Effect of NBTI and EM on Writability

To model the individual aging effects of NBTI and EM, the V;, of PL and the value of the Ry are increased
separately and gradually, as shown in Fig. 6.1(a). The T, is defined as the duration required for the

Table 6.1.: Nominal setup parameters

SRAM parameters (FEoL and BEoL)
SRAM array configuration 128 rows, 128 columns
Vdd (SRAM array and periphery circuit) 800 mV
Pre-charge level (BL and BL-bar) Vobp
Write voltage High: Vpp, Low: 0 V
Operating temperature 100°C
Operating frequency 1 GHz
Maximum switching time 570 ps
BL width (W) and height (H) W =22nm, H=41.8 nm
Wire (R(Q2), C(aF)) per cell [98], [99] | BL: (35.18, 89.92) WL: (24.09, 61.59)
BL average current 1.05 pA
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Figure 6.3.: Examples of faults in the FDSOI SRAM: (a) delay fault with a critical T,,;;c, of 600 ps, and (b) stuck-at fault.

Q of the SRAM cell to drop to 0.05 V during a write ‘1’—‘0’ operation. Fig. 6.2 illustrates that as
Vi and Rg change (AV,y and ARy), the Ty,,i;c, increases accordingly for both NBTI and EM scenarios.
However, the increase in T;,,;;cp, attributable to NBTI begins to saturate at larger AV, values, indicating a
decreasing effect over a longer stress duration. In contrast, the increase in T,,;;.; due to EM, influenced
by AR, shows an almost linear trend, indicating a consistent influence of EM on the T,,izch.

6.3.3. Combined Effect of NBTI and EM on Writability

To capture the combined aging effects of NBTI and EM, the V;j, of PL and the value of R are increased
simultaneously. The simulation results shown in Fig. 6.2 illustrate that the time to failure of the SRAM is
significantly affected by both EM and NBTI. Our analysis shows that NBTI and EM degradation can lead
to either delay faults or stuck-at faults, as illustrated in Fig. 6.3. It is important to note that NBTI alone
does not lead to stuck-at faults within the evaluated stress duration. Conversely, Fig. 6.4 shows that EM
can induce stuck-at faults independent of the effects of NBTI. Furthermore, it can be observed that NBTI
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Figure 6.4.: Delay and stuck-at faults caused by NBTI and EM, categorized by cell color. Green cells denote successful write
operations within the critical switching time (Ts.,i;ch), While red cells indicate delay faults, as illustrated in Fig. 6.3(a). Pattern
cells represent stuck-at faults, as shown in Fig. 6.3(b). *: Delay faults start to occur at a AV}, of 0.164 V.

can amplify the effects of EM and vice versa, exacerbating both delay and stuck-at faults. Therefore,
analyzing the effects of NBTI or EM alone leads to a significant overestimation of SRAM lifetime. In
particular, under the sole influence of NBTI, the threshold stress duration for faultless writing ‘1°’— ‘0’
operation is about 4.3 years. However, by including EM effects, the faultless writing ‘1’— ‘0’ operation is
drastically reduced to only 1.13 years of stress, with the resistance increasing by a small value of 0.5 Q.
This reduction illustrates the accelerated fault manifestation due to the EM-induced increase in resistance.
These findings emphasize the need to consider both NBTI and EM when evaluating and predicting the
time to failure of SRAM under aging conditions.

6.4. Conclusion

In this study, we have thoroughly investigated the impact of NBTI and EM on the writability of SRAM,
focusing on worst-case operating scenarios to avoid overestimating the lifetime of SRAM. Our results
emphasize the mutual acceleration of delay faults and hard stuck-at faults caused by NBTI and EM and
highlight a synergistic exacerbation of the fault mechanisms. Significantly, our results demonstrate that
while NBTI’s impact on the SRAM content switching tends to reach saturation, the influence of EM
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becomes increasingly dominant with prolonged stress time. This analysis helps to devise more effective
test and mitigation strategies during device lifetime in the context of SLM.
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7. Testing for Aging in Advanced SRAM: From
Front-End-of-The-Line Transistors to
Back-End-of-The-Line Interconnects

Chapter 6 demonstrated that the combined effects of FEOL transistor aging and BEOL interconnect
degradation can considerably degrade SRAM writability and lead to delay faults and hard stuck-at faults,
potentially resulting in overestimation of the fault-free operational lifetime of SRAM arrays. Therefore,
effective aging-aware testing and monitoring methodologies are required to enable earlier prediction and
detection of aging-induced SRAM failures, allowing system-level mitigation techniques to be applied
before catastrophic functional failures occur.

In advanced FinFET technologies, reduced voltage margins, increasing integration density, and
aggressive interconnect scaling further increase the sensitivity of SRAM write operations to aging-
induced degradation. In particular, SRAM write stability strongly depends on write operation conditions,
especially pre-write operations and reduced supply voltage conditions, making aging-aware testing
increasingly challenging in advanced FinFET SRAM structures. Furthermore, the aging behavior
and write sensitivity of FiInFET SRAM structures can differ considerably from previously investigated
FDSOI-based SRAM designs due to technology-dependent device and interconnect characteristics.

To address these challenges, this chapter presents an aging-aware SRAM testing framework under
combined NBTI and EM degradation in 12 nm SLVT FinFET technology, based on the work published
in [5]. TCAD-based transistor models are extended with detailed NBTI degradation modeling, while
a physically based and measurement-calibrated EM model is employed to capture BEOL interconnect
degradation. By integrating both models into circuit-level simulations, the combined effects of transistor
and interconnect aging on SRAM writability are investigated for a complete SRAM subarray, including
both bit-cell arrays and peripheral circuits. Furthermore, a voltage-scaling-based sensitization and testing
methodology is proposed to detect aging-induced SRAM failures at earlier aging stages, enabling earlier
prediction of SRAM failures and estimation of the remaining operational lifetime.

The rest of this chapter is structured as follows: Section 7.1 introduces the NBTI and EM models together
with FinFET SRAM reliability considerations. Section 7.2 outlines the aging modeling methodology,
including TCAD calibration, NBTI simulation, and EM model generation. Section 7.3 presents the
proposed aging-aware testing methodology, including NBTI and EM fault injection, sensitization
techniques, and the voltage-scaling-based early detection method. Section 7.4 discusses the SRAM
writability analysis and early failure detection results under combined aging effects. Finally, Section 7.5
concludes the chapter.

7.1. Related Work

In [100], the authors compare SOI and bulk supersteep retrograde (SSR) FinFET technologies for 6T
SRAMs at the 7/8 nm node in terms of static noise margin (SNM), write ability, variability, and minimum
operating voltage (Vpp). The results show that SOI FinFET SRAMs achieve slightly improved read
stability and lower Vpp min due to enhanced electrostatic integrity, although the overall improvement over
optimized bulk SSR FinFET SRAMs remains limited.
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To improve long-term SRAM reliability, [101] proposes predictive testing methodologies considering
the combined effects of process variation and BTI aging, with particular focus on read delay and
read-destructive faults. The work introduces wordline- and supply voltage-based predictive testing
together with adaptive DVFS mitigation techniques, demonstrating that periodic predictive testing can
considerably reduce aging-induced failures and DPPM with relatively small energy overhead.

In addition, [98] investigates the impact of technology scaling on electromigration reliability in
SRAM WLs and BLs during DTCO. By comparing SRAM interconnects with 22 nm and 12 nm critical
dimensions, the authors demonstrate that tighter-pitch BEOL interconnects significantly increase current
density and EM-induced stress, resulting in a 2.53% increase in EM degradation despite achieving 2.68x
improved energy efficiency. The work further proposes an EM-aware DTCO methodology balancing
SRAM performance, energy efficiency, and EM reliability through workload-aware current analysis and
operating-condition optimization.

Although previous studies have investigated FinFET SRAM reliability, predictive aging-aware testing,
and interconnect scaling effects independently, comprehensive aging-aware SRAM testing methodologies
considering the combined effects of FEOL transistor aging and BEOL interconnect degradation in
advanced FinFET SRAM structures remain insufficiently explored.

7.2. Aging Modeling

In this section, we present our methodology for modeling NBTI and EM, aimed to accurately predict
their combined effects over time and improve design reliability. The major steps are outlined as follows.

7.2.1. TCAD Model Calibration

In this study, both N-type and P-type transistors are simulated using the Sentaurus device simulator,
employing the drift-diffusion model. Each model is calibrated against PDK models [102] by conducting
a detailed comparison of the drain current versus drain voltage (Ips — Vps) and drain current versus gate
voltage (Ips — Vigs) curves to ensure accuracy and consistency with the PDK’s specifications, as shown in
Fig .7.1(a). The structure of the FinFET is illustrated in 7.1(b). Moreover, the parameters of the proposed
TCAD models for the FinFET devices are listed in Table 7.1.
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- TCAD Model [Vgs| = 800m
o
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|Vgs| = 400mV
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(a) The TCAD and PDK model Ip — Vp comparison (b) The FinFET structure (P-Type)

Figure 7.1.: Output characteristics of the TCAD and PDK MOSFETs and the proposed FinFET structure with diamond-shaped
epitaxy.
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7.3. Aging Testing

Table 7.1.: FinFET device parameters

Parameters N-type P-type
Fin Width / Height 16 nm /40 nm
Gate Length 14 nm
Effective Gate Thickness 1.35 nm 1.3 nm
Body Thickness 40 nm
Material Silicon
S/D Doping Peak 3.8e+20 cm™3 | Se+20 cm™3
Channel / Body Doping le+15 cm™3
Work Function 4.5eV 4.82 ¢V

7.2.2. Building the NBTI and EM Model

The aging modeling methodology employed in this chapter generally follows the FEOL and BEOL
degradation framework presented in Chapter 6. Specifically, the MSC framework is used to model
the threshold voltage degradation (AV;;) caused by NBTI, while Equation 2.2 is employed to model
the EM-induced interconnect resistance increase (ARs) of SRAM BLs. However, the TCAD device
structures, transistor parameters, and interconnect dimensions are recalibrated for the 12 nm SLVT FinFET
technology node, as summarized in Table 7.1 and Table 7.2. Consequently, the technology-dependent
aging behavior and SRAM write sensitivity of advanced FinFET SRAM structures differ from those of
the previously investigated 22 nm SLVT FDSOI SRAM designs.

7.3. Aging Testing

This study investigates the writability of an SRAM array with 128 rows and 40 columns (32 data bits
plus 8 parity bits needed for single error correction and double error detection), considering both the

AV, under two stress conditions
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Figure 7.2.: The V};, increase due to NBTI in a sole P-type transistor.
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Table 7.2.: Simulation setup parameters

SRAM general parameters
SRAM array configuration 128 rows, 40 columns
Vg (SRAM array and periphery circuit) 800 mV
Pre-charge level Vb
Write voltage High: Vpp, Low: 0 V
Operating temperature 100°C
Maximum switching time 220 ps
Subarray level latency 700 ps
Negative write driver voltage 0.1V
BL width (W) and height (H) W =17nm, H=32.3 nm
Cell transistors size 2 Fins, 1 Finger
Wire (R(Q2), C(aF)) per cell [98], [99] | BL: (54.59, 63.81)WL: (18.58, 84.295)
BL average current 300 nA

individual and combined impacts of NBTI and EM. The read operation is more resilient to the aging
effects; therefore, we focus on the write operation for earlier detection. Our analysis centers on the SRAM
cell with the weakest writability, located farthest from the driver, i.e., located in row 128, column 40 [103].
The NBTI and EM models from Section 7.2 were used in the testing of the SRAM subarray, the major
steps are outlined as follows:

7.3.1.  NBTI Fault Injection

The six-transistor SRAM cell shown in Fig. 6.1(a) includes two access transistors (AL and AR, connected
with the word line (WL)) for external connections through bit-lines (BL and BLB) and two cross-coupled
inverters for data storage. Notably, storing identical data for long periods in SRAM can cause asymmetric
aging of the transistors. Therefore, we investigate NBTI and EM effects, assuming the SRAM cell
permanently stores a ‘0’, affecting the V;j, of PL in Fig. 6.1(a). Results for storing a ‘1’ are similar. We
also consider the threshold voltage shift (AV;;) in peripheral circuit transistors in Fig. 6.1(b) and the sense
amplifier to provide a comprehensive analysis of potential degradation across all SRAM components.

7.3.2. EM Fault Injection

For EM fault injection, we assume that the resistance increases due to the sufficiently large void, which
equally affects all the per-cell parasitic resistances of BL. However, the effects of the nucleation and
incubation phases cannot be observed and therefore analyzed at the electrical level. The phase of
resistance increase, characterized by its rapid escalation, is the only phase that has an observable effect at
the electrical level and can impact the SRAM functionality. Therefore, this study focuses exclusively on
the resistance-increase phase to investigate in-field failures.

We investigated the effects of NBTI and EM on the write operations of SRAM cells by varying the
AV, and ARg. Our main focus was on switching time (7.,;zcp) violation. The individual and combined
effects of NBTI and EM can severely impact the functionality of SRAM subarray in multiple ways. First,
these effects can prolong the T.,;;ch, resulting in delay faults where the SRAM fails to complete a write
operation within the expected switching time. These faults can be mitigated by increasing the operating
latency. Second, they can lead to hard stuck-at faults, which make the SRAM cell unable to switch.
These faults cannot be corrected by increasing the operational cycle. Our analysis distinguishes between
successful operations, where the cell can complete a write operation within the assumed latency, and
these faults, and thus investigates the impact of NBTI and EM on the writability of SRAM.
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In order to prevent overestimation of the fault-free lifetime and realize early detection of write failures
in SRAM, our test strategies are as follows:

* Investigation of Tj.,;;; at the nominal operation corner: We investigated the Ty, under the
condition that both the supply voltage of the SRAM cell (V,.;;) and the supply voltage of the
peripheral circuitry (Vper;) were set to 0.8 V. First, we compared the Ty.;;cp in the write “1°—°0
operation (WO0|) with that of the ‘0’— 1’ operation (W17) to identify the critical write operation.

* Tswitcn analysis at the test operation corner: At this test operation corner, Vjer; Was slightly reduced.
In contrast to the adjustments of Vj,;, we did not increase the V., as we found that a slight
increase could cause write failures in the SRAM.

* Earlier detection of write failures: Test voltage corner analysis aims to sensitize the write operation
of SRAM, thereby enabling earlier detection of aging-related failures.

7.4. Results and Discussion

In this section, we present the key results of our FinFET SRAM testing, including identification of the
critical write operation, estimation of the fault-free lifetime under NBTI alone or in combination with
EM, and sensitization of the write operation with voltage test corners for early fault detection.

7.4.1. Critical Write Operation

The switching write operations, i.e., W0| and W1T, are asymmetrical, and one of them typically requires
more energy to be performed and is therefore more critical. To achieve earlier detection of aging effects,
identifying the most critical writing direction is a prerequisite. Transistor leakage, along with the slight
difference in the biasing of the access transistors (as indicated by AL and AR in Fig. 6.1(a)) is the main
reason for such an asymmetric behavior. Based on our simulation setup outlined in Table 7.2, W17 was
observed to be more critical in FinFET SRAM.

7.4.2. T, at the Nominal Operation Corner

During testing, both delay and stuck-at faults occurred, as illustrated in Fig. 7.3(a) and (b), respectively.
To model the aging effects of NBTI and EM, we increased the V;, of the corresponding transistors under
NBTI stress and the value of R, in small steps, as shown in Fig. 7.4. The T, is defined as the duration
required for the state of the SRAM (Q in Fig. 6.1(a)) to exceed 90% of the final value. Furthermore,
in Fig. 7.4, V3, is increased in increments of 0.05 V and Ry in increments of 1 Q. The intermediate
results marked on the ticks indicate the starting points at which either a delay fault or a stuck-at fault
was observed. The results in Fig. 7.4 indicate several important findings related to SRAM cell write
operations, categorized as follows:

* Successful operations (solid green entries, with no need for frequency downscaling): These
cells represent scenarios where SRAM cell write operations complete within the prescribed
subarray-level latency.

* Immediate delay faults (solid red entries, recoverable with a frequency downscaling of less than
50%): These cells mark the first occurrence of a delay fault at certain AV;;, and AR values. For
example, a red cell at AV, = 0.05 V and AR, = 2.46 Q in Fig. 7.4 marks the first occurrence of a
write delay fault under these specific conditions.
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Figure 7.3.: Example of a delay fault in (a), where the critical switching time is 220 ps, and a hard stuck-at fault in (b).

» Extended delay faults (red dashed entries, recoverable with a frequency downscaling of more than
50%): These cells represent conditions where the write delay exceeded the prescribed latency at
the subarray level and did not meet the predefined latency requirements, but did not result in a
stuck-at fault. An example of such a fault is shown at AV, =0.15 V and AR = 4.09 Q in Fig. 7.4.

* Hard stuck-at faults (black dashed entries, not recoverable through frequency downscaling):
These cells indicate scenarios in which a stuck-at fault occurred, i.e., the write operation has not
successfully changed the state of the SRAM cell within an extremely prolonged period of 5 ns. An
example of such a fault is recorded at AV,;, =0 V and ARy = 7.2 Q in Fig. 7.4.

In Fig. 7.4, important observations can be drawn from the effects of NBTI and EM on the writability
of SRAM. In particular, NBTI alone does not cause stuck-at faults within the evaluated stress duration.
However, EM can cause stuck-at faults regardless of the influence of NBTI. Delay faults are only observed
when the AV, is 0.23 V. According to the TCAD results shown in Fig. 7.2, it is unlikely that such
threshold voltage shifts occur within the considered stress duration and conditions for the assumed FinFET
technology. Therefore, a write delay fault at the nominal operation corner is unlikely if only the NBTI
effect is considered. However, our studies suggest that the co-existence and interaction between NBTI and
EM can exacerbate both delay and stuck-at faults in FinFET SRAM. Specifically, the combined effects
result in a significantly shorter fault-free lifetime for SRAM. Write delay faults occur at a minimum AV,
of 0.05 V with a small AR of 2.46 Q, much less than the critical AV, (0.23 V) when only NBTI is
considered.

7.4.3. T, ich at the Test Operation Corner

As shown in Fig. 7.5, decreasing V,,; significantly increases the T,,;:cn of fresh devices and further
increases the sensitivity of the SRAM writability to the combined effect of NBTI and EM, reducing the
write operation’s time-to-failure. In tests with fresh SRAM, the T;,,i;c, at the proposed test operation
corner increases from 155.7 ps to 170.9 ps compared to the nominal operation corner, i.e., an increase
of 9.8%. The time-to-failure due to delay faults in the SRAM is very sensitive to reductions in Vpey;.
For example, a stuck-at fault occurs at a resistance increase of 2.34 Q with a AV, of 0.15 V, which is
46.0% less than the resistances observed at the nominal operation corner (AR = 4.33 Q), emphasizing
heightened sensitivity of the SRAM’s writability to peripheral voltage changes.
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Figure 7.4.: Delay and stuck-at faults due to NBTI and EM under nominal operating conditions in FinFET SRAM. Delays
are shown in picoseconds. Green entries indicate successful write operations within the critical Ts,y;;cp. Solid red entries
represent delay faults that a 50% frequency downscaling can mitigate, while patterned red entries indicate delay faults that this
downscaling cannot mitigate. Patterned black entries represent stuck-at faults.
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7.4.4. Earlier Detection of Write Failures

We demonstrate the effectiveness of our proposed voltage scaling-based earlier detection method by
focusing on the stuck-at faults as a case study. Early stuck-at faults occur after a AV}, of approximately
0.13 V and a parasitic resistance increase (ARs) of about 4.51 Q. These values are interpolated from
the data presented in Fig. 7.4, specifically between the points at AV, = 0.1 V, ARs =4.77 Q, and AVy,
=0.15V, ARs = 4.33 Q. Notably, this AV;j, occurring in the stagnation region, typically appears after
approximately 2.79 years. At this point, EM becomes the determining factor in in-field failures, reaching
a critical resistance of about 4.51 Q after approximately 7.13 years, marking the time-to-failure. By
utilizing the test corner, the combined effect of NBTI and EM can be detected 44% earlier (3.15 years
earlier) than in the nominal operation corner.
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Figure 7.5.: Delay and stuck-at faults caused by NBTI and EM at the test operation corner in the FinFET SRAM. Delays are in
picoseconds. Colors and patterns of entries (green, solid red, patterned red, and patterned black) indicate the same operation
statuses as in Fig. 7.4.

7.5. Conclusion

In this chapter, we thoroughly investigated the impact of NBTI and EM on SRAM’s writability, focusing
on worst-case operating scenarios. Our approach avoids the overestimation of SRAM write operation
lifetime and facilitates early detection of aging-induced write faults using appropriate voltage test corners.
Our results show a significant acceleration of delay and hard-stuck-at faults in write operations due to
NBTI and EM, highlighting their exacerbated combined impact in FinFET SRAM. This analysis helps to
develop effective strategies for early detection and mitigation strategies throughout the device lifecycle,
especially in the context of SLM for safety-critical applications such as automotive.
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8. Effect of Transistor and Interconnect Scaling on
Aging in Advanced SRAM

Chapter 6 investigated the combined effects of NBTI and EM on SRAM writability in 22 nm FDSOI
technology, while Chapter 7 extended the analysis toward 12 nm FinFET SRAM and introduced a
voltage-scaling-based earlier detection methodology. However, several important challenges remain
insufficiently explored.

First of all, a comprehensive comparison between FDSOI and FinFET SRAM under identical
aging conditions is still missing. Due to differences in transistor architecture, device electrostatics,
and interconnect scaling, the sensitivity of SRAM to NBTI- and EM-induced degradation can vary
significantly across technologies. Therefore, a unified cross-technology analysis is required to understand
the impact of technology scaling on SRAM aging behavior.

Furthermore, although a voltage-scaling-based earlier detection methodology was introduced for
FinFET SRAM in Chapter 7, its applicability to FDSOI SRAM has not been investigated. In addition, the
influence of operation-dependent sensitization techniques, such as applying specific pre-operations before
write operations, remains insufficiently explored.

Moreover, the impact of process variation and cell location on aging-induced SRAM failures was
not considered in the previous chapters. In advanced technology nodes, process variation can strongly
influence SRAM writability and timing robustness, while its interaction with NBTI- and EM-induced
degradation may further aggravate aging-induced failures. In addition, SRAM cell location within the
SRAM array also affects aging behavior and write vulnerability, since cells located farther from the BL
driver experience larger interconnect delay and voltage degradation.

In addition, in the previous chapters, the aging effects of SRAM bit-cells and peripheral circuits were
evaluated together. However, the individual contributions of cell degradation and peripheral-circuit
degradation to SRAM writability failures were not separately analyzed. Since write failures can originate
either from the degraded SRAM cell or from the degradation in peripheral circuitry, separating these
effects is necessary for identifying the dominant aging bottleneck in advanced SRAM architectures.

Finally, although the previous chapters focused on aging analysis and fault detection, mitigation
strategies for extending SRAM lifetime were not investigated. Therefore, this chapter additionally
introduces an aging-aware DVFS methodology and analyzes the associated trade-offs between reliability,
performance, and energy consumption.

To address these challenges, this chapter presents the following contributions, which are based on the
work published in [6]:

* A unified simulation framework combining TCAD-based NBTI models with a physics-based
EM model for consistent cross-technology aging analysis in both FDSOI and FinFET SRAM
technologies. The framework considers both SRAM bit-cell arrays and peripheral circuitry,
enabling separate analysis of their contributions to SRAM writability degradation.

* An earlier failure-detection methodology that sensitizes aging-induced SRAM failures through
operation-sequence control and supply-voltage scaling, enabling significantly earlier manifestation
of delay faults and hard stuck-at faults compared with nominal operating conditions.
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* A comprehensive investigation of process-variation and cell-location effects on SRAM aging
behavior and failure mechanisms under combined NBTI and EM degradation, together with detailed
analysis of both SRAM cell aging and peripheral-circuit aging.

* An aging-aware DVFS methodology as a system-level mitigation strategy, including analysis of the
trade-offs among SRAM reliability, performance, and energy efficiency under long-term aging
conditions.

The remainder of this chapter is organized as follows: Section 8.1 describes our methodology, which
includes NBTI and EM fault injection. Section 8.2 discusses the evaluation of SRAM’s writability under
the combined influence of NBTI and EM, detailing the methods for earlier detection and the aging-aware
DVFS strategy. Finally, Section 8.3 concludes with a summary.

8.1. Cross-Technology Aging Analysis and Mitigation Methodology

This chapter evaluates the writability of an SRAM subarray consisting of 128 rows and 40 columns. The
investigation considers both the individual and combined FEOL and BEOL aging by varying AV;;, and
AR, following the methodology presented in Chapters 6 and 7.

The primary focus of the analysis is the identification of violations in the SRAM T,,;scp. Similar to
the previous chapters, the analysis mainly targets the SRAM cell with the weakest writability, i.e., the
cell located farthest from the driver. Furthermore, to investigate the impact of cell location, the FDSOI
SRAM design is selected as a case study in which the first SRAM cell, located closest to the driver, is
additionally analyzed.

The NBTI and EM aging models presented in Section 6.2 and Section 7.2 are integrated into the SRAM
subarray evaluation flow. The key components of this analysis are outlined as follows:

8.1.1. NBTI and EM Fault Injection

We evaluate SRAM write ‘0’ delay under three aging scenarios, corresponding to different dominance
regimes of BL forcing and cell-internal regeneration:

1. Driver aged, cell aged (write ‘1’ stress, cell stores ‘0’): Both BL forcing and regeneration are
degraded, resulting in the worst-case write delay.

2. Driver aged, cell moderately aged (write ‘1’ stress, cell switching): Both mechanisms are degraded
in a more balanced manner, leading to moderate delay degradation.

3. Driver weakly aged, cell aged (write ‘O’ stress, cell stores ‘0’): BL degradation is limited due to
weak driver aging, and the delay is dominated by the weakened regeneration process.

In the following, Scenario (3) is used as the primary focus to isolate regeneration-limited behavior.
Under this condition, the SRAM cell is assumed to continuously store ‘0’, which induces NBTI degradation
in the pull-up transistor PL in Fig. 6.1(a). Similar trends are observed when storing ‘1’. We further
analyze the AV, of the peripheral circuit transistors shown in Fig. 6.1(b), to analyze degradation across
the SRAM array.

For EM fault injection, similar to the previous chapters, we assume that EM-induced degradation
results in the formation of a sufficiently large void, leading to a uniform increase in the per-cell parasitic
resistances along the BL.
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8.1.2. Sensitization and Voltage-Scaling Test Strategies

In order to prevent overestimation of the fault-free lifetime and realize early detection of write faults in
SRAM, our test strategies are as follows:

* Investigation of Ty,,;;cp, at the nominal operation corner: The Ty,,;;.p, Was analyzed with the supply
voltage of the SRAM cell (V,.;;) and the supply voltage of the periphery circuitry (Ver;) both set to
0.8 V. Initially, the T,,scp for the write ‘1°— ‘0’ operation (W0]) was compared with that of the
‘0’—*1" operation (W1T) across the two technologies to identify the critical write operation.

* Sensitization of critical write operations: A test vector was employed to sensitize the critical write
operation. Prior to each write operation, various pre-operations were performed to examine their
influence on Ty,,;;c,. This step is essential for accurately estimating the fault-free lifetime of the
SRAM. To achieve this, simulations were conducted on the entire SRAM macro, encompassing
both the bit-cell array and periphery circuit.

* Tswitcn analysis at the test operation corner: At this test operation corner, the Vp,; was slightly
reduced. Unlike the adjustments of Ve, the Ve, was not increased, as even a slight decrease was
found to induce functional faults in the SRAM for both technologies under investigation.

* Earlier detection of write faults: The analysis of the test corner and the test vector is designed to
sensitize the write operation of SRAM, facilitating earlier detection of aging-induced faults in
SRAM at the nominal operation corner.

8.1.3. Aging-Aware DVFS Strategy

As a part of the SLM infrastructure, we have implemented a DVFS strategy to ensure a prolonged
lifetime of the SRAM module, mitigating the combined effects of NBTI and EM. This approach involves
decreasing the V., and increasing the V,; by 5%, while also considering decreasing the operating cycle
of SRAM by 50%. These adjustments expand the lifetime of aged devices through graceful degradation,
ensuring fault-free operation over time after the in-field aging testing confirms degradation in the SRAM
module.

Estimating the actual lifetime of SRAM under the combined influence of NBTI and EM presents
significant challenges due to the strong interdependence of these mechanisms. The key challenges are:

* Mutual dependence of degradation: NBTI-induced threshold voltage shift AV, reduces the drive
current of transistors, which lowers the current density in the bit-line metal and directly affects the
rate of EM-induced resistance increase AR;.

* Different time evolutions: NBTI follows an exponential time dependence, rising quickly in the
early aging stage and then saturating, whereas EM exhibits an approximately linear increase in AR
over time (Equation. 2.2).

* Shift in dominant mechanism over time: When AVy, is small, NBTI dominates the degradation
behavior. As AVy, approaches its saturation region, EM-induced resistance increase becomes the
dominant contributor to degradation.

* Difficulty in unified lifetime prediction: Because the dominant aging mechanism changes during
the device lifetime, deriving a single closed-form model for combined NBTI-EM lifetime estimation
is nontrivial.
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8.2. Results and Discussion

We investigated the effects of NBTI and EM on SRAM write operations by varying AV;, and ARg. The
primary focus of the analysis is the identification of SRAM T, Violations under nominal stress
conditions. The analyses described in Section 8.1 were performed to evaluate SRAM writability under
different aging conditions. The simulation setup follows the methodology presented in the previous
chapters.

8.2.1. T,,i:r at the Nominal Operation Corner

To model the aging effects of NBTI and EM, we increased the V;j, of the corresponding transistors under
NBTI stress and the value of Ry in small steps, as shown in the diagrams in Fig. 8.1 (FDSOI) and Fig. 8.2
(FinFET). The Ty,,iscp 1s defined as the duration required for the state Q of SRAM to reach over 90% of
the final value. Furthermore, in this diagram V;, is ramped with an increment of 0.05 V and Ry with
an increment of 1 Q. These increments represent routine steps along the axes that do not convey any
information about faults. The intermediate results marked on the ticks indicate the starting points at
which either a delay fault or a stuck-at fault was observed. The results indicate several important findings
related to SRAM cell write operations, which are categorized as follows:

* Successful operations (solid green entries): write operations that complete within the prescribed
subarray-level latency, without requiring any frequency downscaling.

* Immediate delay faults (solid red entries): write operations whose switching time exceeds the
latency limit, but can be recovered by a frequency downscaling of less than 50%.

» Extended delay faults (red dashed entries): write operations that violate the latency constraint and
require more than 50% frequency downscaling to be recovered, but do not result in stuck-at faults.

* Hard stuck-at faults (black dashed entries): cases where the write operation fails to change the cell
state even within an extended time window of 5 ns and is therefore not recoverable by frequency
downscaling.

This structured approach allows a detailed analysis of the effects of NBTI and EM on SRAM writability
under different conditions and provides important insights to improve device reliability and performance.

Important insights can be drawn regarding the impact of NBTI and EM on SRAM writability. According
to the TCAD-predicted results in Fig. 5.3(a) and Fig. 7.2, the NBTI-induced AV}, alone is unlikely to
cause any write faults at the nominal operation corner. T;,,;;c, €xhibits a slight non-monotonic variation
with increasing AVy, (Fig. 8.1) due to the competition between BL forcing and cell-internal regeneration.
At moderate AV}, degradation of the pull-up transistor weakens the feedback that maintains the previous
cell state, allowing the internal node to reach the switching point more easily, which can slightly reduce
the switching delay. At higher AV;;, however, the same degradation slows down the regeneration of the
cross-coupled inverter, leading to an increase in Ty,,;;c,. Additionally, FinFET SRAM exhibits greater
sensitivity to NBTI-induced delay degradation, indicating a tighter write margin compared to FDSOI
SRAM. Moreover, our studies suggest that the co-existence and interaction between NBTI and EM
can exacerbate both delay and stuck-at faults in both technologies. Specifically, FDSOI SRAM shows
greater resilience to combined aging effects, with the corresponding delay and stuck-at fault thresholds
summarized in Table 8.1. In contrast, FiInFET SRAM shows a much shorter fault-free lifetime, entering
delay fault regimes earlier under the same assumptions, as also shown in Table 8.1. In addition, FinFET
technology is significantly more susceptible to EM, showing a reduced ARy margin against stuck-at faults.
These results emphasize that FDSOI SRAM has higher resilience to aging effects at the nominal operation
corner, highlighting the critical role of such aging mechanisms in advanced nodes.
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Table 8.1.: Fault thresholds under EM-only and combined NBTI+EM stress at the nominal corner.

Technology | Long-term stuck-at faults | Early-stage delay faults
AR AR AV
FDSOI 14.39 Q 2.96 Q 0.15V
FinFET 7.2Q 2.46 Q 0.05V

To complement the analysis, we also analyze representative cases from Scenarios (1) and (2) mentioned
in Section 8.1.1 for the FDSOI SRAM under early-stage aging. The results are summarized in Fig. 8.3.
Scenarios (1) and (2) exhibit a larger delay due to the additional impact of peripheral circuit aging, which
reduces the bitline driving strength. However, these scenarios combine multiple degradation sources.
In contrast, Scenario (3) isolates cell-internal degradation, where the delay is mainly dominated by the
regeneration process. Therefore, Scenario (3) is used as the primary focus to enable a clearer analysis of
regeneration-limited behavior.

AV, (V)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0 521.7 539.2 | 549.8 | 557.7 565.2 571.6 578.7

0.55 527.9 545.3 557.1 564.8 572.2 568.1 582.6

1 532.7 551.1 562.9 571.5 576.7 573.4

589.0

2 545.6 564.5 | 576.8 | 585.0 | 592.3

2.12 | 553.1 | 574.2 | 586.8 | 595.4 | 599.8

593.8

AR, (Q)

wS //// 777
14.40 7///
14.42 7///

:V////////// Y
7,7/777/7
/77

77 ZZN a1 annmiihtmJ.: MO
sz 77 22NN\

NN

NN
. 1 hnhnhhiinninwesenn
S\

NN

N

WWN
NN
nNitiitn g

N
\

N\
\

A\
é

Z
Z
7

Y\‘N\‘\
§§§§§

N

\ NN
5 N\
= . O\
ZZZOMMNININIMI_I_MISININ
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Figure 8.2.: Delay and stuck-at faults due to NBTI and EM under nominal operating conditions in the FinFET SRAM. The color

coding is the same as in Fig. 8.1.

8.2.2. Impact of Process Variationon T;,,;;.1,

We evaluate the impact of process variation and cell location on Ti,,;;c, in the FDSOI SRAM using
MC simulations across all process corners. As shown in Fig. 8.4 and summarized in Table 8.2, the last
cell, which is furthest from the write driver, is significantly more sensitive than the first cell. For fresh
devices, the last cell that is farthest from the write driver exhibits a 37.4% higher mean T,,;;cr, compared

521.7
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Figure 8.3.: Impact of aging scenarios on SRAM write ‘0’ delay. Scenario (1): combined peripheral and cell aging. Scenario

(O]

521.7
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(2): peripheral-dominant aging. The color coding is the same as in Fig. 8.1.
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Figure 8.4.: Impact of process variation and cell location on Ty,,;;.;, and write failure probability (First vs. Last cell), considering
early-stage of NBTI and EM.

Table 8.2.: Impact of process variation and cell location on T,,;;c, and write failure probability (First vs. Last cell). p: mean of
Tswitchs Pdelay: probability of delay faults, Pg;,cx: probability of stuck-at faults.

Case H (PS) Pdelay (90) | Pstyck (%0)
(a) | 348.1/478.4 0.4/9.3 0.4/26.7
(b) | 357.7/489.6 | 0.4/12.5 0.5/29.8
(c) | 348.6/490.5 0.4/13.4 0.4/32.7
(d) | 358.2/498.1 0.4/14.5 0.5/37.4

to the first cell. Moreover, the corresponding stuck-at failure probability is up to two orders of magnitude
higher. This demonstrates a strong spatial dependence of write reliability within the SRAM array. This
location dependence becomes more pronounced in process variation under combined NBTI and EM
aging, highlighting the vulnerability of cells located farther from the write driver.

8.2.3. Sensitization of Critical Write Operation with Test Vector

To explore how a pre-operation influences the sensitization of the critical write operation as the test
vector, potentially leading to a prolonged T;.,;;cr, and thereby enabling earlier detectability, we devised a
sequence of operations involving two specifically chosen SRAM cells. The first operation was performed
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in Celly, the cell nearest to the driver, followed by a write operation in Cell;,g, the cell farthest from the
driver, to establish a worst-case scenario. The series of operations began with various pre-operations
at Celly, including writing ‘1’—‘1" (W1), ‘0°—0’ (W0), W17, W0/, and reading ’0’ (RO) or ’1° (R1).
These pre-operations were designed to evaluate their respective impacts on the subsequent critical write
operation at Cell;,g.

The detailed sequence of operations is as follows:

1. Activation of the WL for Cell,.

2. Activation of the write-enable signal for writing or the sense amplifier-enable signal for reading.
3. Execution of one of the pre-operations in Celly, which could be either writing or reading.

4. Deactivation of the WL for Cell, and pre-charging the BL and BLB.

5. Deactivation of the pre-charger and activation of the WL for Cell;,5 as well as the write-enable
signal.

6. Writing to Cells.

In the FDSOI SRAM tests, among all the pre-operations evaluated, an RO operation before a W17
operation was found to significantly slow down the switching process in Celljys. Specifically, for a
fresh device, the switching time (T.,;;c,) increases from 521.7 ps to 535.4 ps, representing a 2.6%
increase. In contrast, no single pre-operation substantially influenced the switching speed in FinFET
SRAM. Generally, the dependency between the consequent SRAM operations can be explained by the
leakage profile. So, this discrepancy observed in FinFET can be attributed to the generally lower leakage
properties compared to FDSOL.

As shown in Fig. 8.1 and Fig. 8.5, applying a suitable pre-operation test vector before a W17 operation
shortens the time-to-failure in FDSOI SRAM compared to the nominal operation corner, meaning that
the write operation becomes more vulnerable to failure under aging. Assuming a AVy, of 0.15 V, which
corresponds to about 1.13 years of NBTI-only degradation, the Tyyiich remains almost the same at both
the nominal and test operation corners, allowing successful writes. However, delay and stuck-at faults can
occur when the combined effects of NBTI and EM are considered, as summarized in Table 8.3. For this
AV, the AR, threshold required to induce a delay fault or a stuck-at fault during a W17 write becomes
significantly lower when a read ‘0’ is used as a pre-operation test vector.

8.2.4. Sensitization of Critical Write Operation with Test Corner

To investigate how supply voltage scaling aids earlier detection of write faults, we slightly reduced the
Vperi- In contrast, we refrained from decreasing V.. as our tests indicated that even a slight decrease
in V. could introduce functional faults in SRAM for both technologies investigated. As illustrated in
Fig. 8.6 (FDSOI) and Fig. 8.7 (FInFET), lowering the V,.,; increases the T,,;;cp of fresh devices and
enhances the sensitivity of SRAM to the combined impact of NBTI and EM, resulting in a significantly
reduced time-to-failure for the write operation. These switching time degradations for fresh devices at

Table 8.3.: Sensitization-induced changes in fault-threshold under a short-term AV}, stress.

Technology Nominal Corner Test Vector
FDSOI (Delay fault) 2.96 Q 1.42 Q (-52.0%)
FDSOI (Stuck-at fault) 14.52 Q 13.56 Q (-6.6%)
FinFET (Delay fault) No noticeable change
FinFET (Stuck-at fault) No noticeable change
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the proposed voltage test corner are summarized in Table 8.4, demonstrating that fresh FinFET SRAM
exhibits stronger sensitivity to a reduction in Vj,; than the FDSOI SRAM.

Considering the aging conditions consistent with the pre-operation test vector analysis in the previous
subsection, FDSOI SRAM can still successfully perform write operations when only the NBTI effect
is present. However, when EM is included, the resistance degradation substantially accelerates write
faults. As summarized in Table 8.4, the AR, threshold required to induce delay faults during a WT write
is significantly reduced at the voltage test corner compared to the nominal operation corner. Although
stuck-at faults also occur earlier under the reduced Vj; condition, their sensitivity to voltage scaling in
FDSOI SRAM remains less pronounced. In contrast, FinFET SRAM exhibits a smaller reduction in the
failure threshold, indicating a relatively lower sensitivity to Vj,; scaling for both delay and stuck-at faults.

8.2.5. Earlier Detection of Aging-Induced Write Failures

We demonstrate the effectiveness of our proposed earlier detection method by focusing on stuck-at write
faults in FDSOI SRAM as a case study. The performance of the proposed earlier detection method for
stuck-at write fault detection in both FDSOI and FinFET SRAM is shown in Table 8.5. Early stuck-at write
faults occur after a AVy;, due to NBTI in the stagnation region (approximately 0.165 V, 6.25 years) and a
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Figure 8.6.: Delay and stuck-at faults caused by NBTI and EM at the voltage test corner in the FDSOI SRAM. The color coding
is the same as in Fig. 8.1.
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Table 8.4.: Switching-time degradation of fresh devices and fault-threshold resistance shifts under the same NBTI stress as
Table 8.3

Technology Metric \ Nominal Corner | Voltage Corner
Fresh devices: switching time Tgyitch
FDSOI Tswitch 521.7 ps 548.6 ps (+5.2%)
FinFET Tswitch 155.7 ps 170.9 ps (+9.8%)
Aged devices: fault-threshold AR

FDSOI Delay fault 2.96 Q 0.40 Q (-86.5%)

Stuck-at fault 14.52 Q 11.60 Q (-20.1%)

. Delay fault 4330 2.34 Q (-46.0%)
FinFET Stuck—};t fault 720Q 6.0 Q (-16.7%)

AR of approximately 14.62 Q (8.3 years) at the nominal operation corner. At this point, EM becomes the
dominant failure mechanism. By applying the proposed pre-operation test vector, the combined effects of
NBTI and EM are detected at an earlier stage compared to the nominal operation corner, as summarized
in Table 8.5. Furthermore, the voltage test corner accelerates the detection even further compared to the
test vector. Notably, earlier detection in FinFET SRAM can only be achieved through the voltage test
corner, indicating a stronger sensitivity to supply-voltage variations compared to FDSOI SRAM.

8.2.6. Aging-Aware DVFS for Device Lifetime Extension

As a part of the SLM infrastructure, we have developed DVFS strategies to mitigate the combined effects
of NBTI and EM and be able to prolong device lifetime using graceful degradation. Our approach
involves identifying a region of interest where voltage scaling alone or both frequency and voltage scaling
are required. We also define a metric to quantify the cost of frequency downscaling.
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Figure 8.7.: Delay and stuck-at faults caused by NBTI and EM at the voltage test corner in the FinFET SRAM. The color coding
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Table 8.5.: Earlier detection performance

Technology | AV, stagnation | Mechanism | Earlier Detection
EDSOI 0165V Test vector 1.15 years
Voltage corner 1.73 years
FinFET 0.13V Voltage corner 3.10 years

As previously mentioned, the simulations were performed with a reduced V,.;; and an increased Vpey;.
We then defined the new critical Ty,,;;p by reducing the latency at the subarray level by a maximum of
50%. For FDSOI SRAM, a T;,,;;cn, below 1.6 ns enables successful writes with frequency downscaling,
while for FinFET SRAM, the threshold is 920 ps. The results in Fig. 8.8 (FDSOI) and Fig. 8.9 (FinFET)
highlight several important findings related to aging-aware DVFS. We identify regions that are exclusively
suitable for voltage scaling with the following method:

1. Finding the non-stagnation region of AV}, due to NBTI.
2. Considering only EM to estimate the critical AR, needed for a successful write operation.
3. Identify the range with 50% of the critical AR; and the non-stagnation AVyy,.

Voltage scaling has proven effective at extending the time to failure of write operations, particularly in
preventing stuck-at faults. Assuming an EM-only scenario, DVFS can extend the critical AR, to around
10 times its nominal value for FDSOI SRAM and 5 times for FinFET SRAM. Moreover, when accounting
for the combined effects of NBTI and EM, adjusting the frequency and supply voltage significantly
enhances the resilience of SRAM. As summarized in Table 8.6, a DVFS strategy enables both FDSOI
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AV, (V)
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Figure 8.8.: DVFS strategy to mitigate delay faults caused by NBTI and EM at the nominal operation corner in the FDSOI
SRAM. Delays are shown in picoseconds. Green entries indicate successful write operations within the critical T,y;;cp. Solid red
entries indicate unrecoverable delay or stuck-at faults. Solid red entries with green triangles denote faults that can be recovered
by 50% frequency downscaling. White entries represent regions where frequency scaling is necessary.

and FinFET SRAM to withstand substantially larger AR, due to EM compared to the nominal operation
corner. This improvement is especially notable for FinFET SRAM. These results indicate that properly
selected voltage and frequency settings can effectively extend the operational lifetime of SRAM under
combined aging conditions and prevent functional failures.

Furthermore, evaluating the trade-off associated with extending the tolerable AR, through frequency
downscaling is essential, since excessive reductions in operating frequency can introduce unacceptable
performance degradation in high-performance applications. As summarized in Table 8.7, increasing
the AR; margin via a DVFS strategy results in a higher T,,;;c, and the incurred performance penalty
grows nonlinearly as the reliability margin increases. This trend is observed in both FDSOI- and FinFET
SRAM devices, although with different magnitudes. FDSOI SRAM exhibits a stronger increase in Tyyitch
for a given resistance margin extension, indicating a higher sensitivity to EM in this DVFS trade-off.
In contrast, FinFET SRAM shows a comparatively lower delay degradation. Therefore, a carefully
balanced DVFS configuration is required to improve write-margin robustness without incurring excessive
performance loss under combined NBTI and EM aging. Notably, DVFS increases energy consumption.
For the FDSOI SRAM, the total energy rises from 5.87 pJ to 6.34 pJ for an operation time of 2 ns,
corresponding to an increase of approximately 8%.
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Figure 8.9.: DVFS strategy to mitigate delay faults caused by NBTI and EM at the nominal operation corner in the FinFET
SRAM. The color coding is the same as in Fig. 8.8.

Table 8.6.: Improvement in tolerable AR due to DVFS under the same AV,; aging condition as Table 8.3

AR; tolerance margin improvement

Technology | Nominal Corner DVFS
FDSOI 2.96 Q 54.96 Q (18.6X)
FinFET 0.68 Q 20.03 Q (29.46X)

In summary, although DVFS improves aging tolerance, it also leads to reduced operating frequency and
increased energy consumption, highlighting the inherent trade-off between reliability and performance.

8.3. Conclusion

We investigate the combined impact of negative bias temperature instability (NBTI) and electromigration
(EM) on the writability of SRAM under worst-case conditions. Our methodology prevents lifetime
overestimation and enables earlier detection of write faults using tailored test vectors and voltage test
corners. We also propose an aging-aware Dynamic Voltage and Frequency Scaling (DVFS) scheme
that mitigates degradation and extends operational lifetime. Our results show that NBTI and EM jointly
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Table 8.7.: T;,,i;c;, degradation under DVFS with AR; scaled in 1.5X increments

Tswiren, degradation
Technology | AR; margin Tewitch
30 Q 532.3 ps (Baseline)
FDSOI 45 Q 749.3 ps (1.41X)
67.5Q Unrecoverable
10 Q 191.3 ps (Baseline)
FinFET 15 Q 257.4 ps (1.35X)
22.5Q Unrecoverable

accelerate delay and stuck-at faults, with FinFET SRAM exhibiting higher sensitivity than FDSOL.
Furthermore, a strong spatial dependence of write reliability is observed, where cells farther from the
write driver exhibit significantly higher delay and failure probability under aging. These findings support
the development of methods for early detection and mitigation of aging across the device lifecycle,
particularly within Silicon Lifecycle Management (SLM). Future work will extend this framework to
include process, voltage, temperature (PVT) variations and Monte-Carlo analysis to evaluate the statistical
and spatial robustness of SRAM under combined NBTI and EM aging, as well as extend the framework
to sub-10 nm technologies and integrate in-field monitors for predictive SLM in safety-critical domains
such as automotive and aerospace.

82



9. Analysis and Mitigation of Radiation Effects in
SRAM-based Register Files

Continuous transistor scaling in nanoscale technology nodes has enhanced the performance and energy
efficiency of VLSI systems, driving advancements in high-performance computing (HPC). To meet
stringent PPA requirements, HPC architectures, especially GPUs, increasingly employ SRAM-based
register files in place of traditional latches or flip-flops, thereby improving efficiency in compute-intensive
tasks such as Al training and inference.

While advanced technology nodes offer significant performance improvements, they also introduce
critical reliability challenges. In particular, radiation-induced soft errors remain a major concern
for SRAM-based memory structures in nanoscale technologies, especially in reliability-critical HPC
applications. The reliability of SRAM-based register files is therefore crucial for robust system operation.

Conventional radiation studies on SRAM mainly focus on the hold state, since the hold duration
dominates the operating time of SRAM arrays. Consequently, most SRAM soft-error analyses primarily
investigate radiation-induced failures during data retention. However, SRAM-based register files exhibit
substantially different access behavior compared with conventional SRAM caches. In register files, read
operations occur very frequently, and the read duration can become comparable to the hold duration
during normal operation. As a result, not only the hold state but also read operations can become
susceptible to radiation-induced soft errors.

While the vulnerability of SRAM caches to radiation-induced errors during hold operation has
been extensively studied, research on SRAM-based register files has primarily focused on design and
optimization, with limited attention to their behavior under radiation during read operations. Therefore,
the impact of radiation-induced soft errors during SRAM register-file read operations remains largely
unexplored.

Therefore, this chapter addresses these gaps by evaluating the resilience of SRAM-based register
files to radiation during access time, analyzing the impact of various factors on soft error probability,
and proposing architectural- and circuit-level mitigation strategies, based on the work published in [7].
The rest of this chapter is structured as follows: Section 9.1 introduces radiation current models and
SRAM-based register files. Section 9.2 describes the methodology, including TCAD calibration and
radiation simulation. Section 9.3 evaluates SRAM-based register file readability under the influence of
radiation. Section 9.4 details the proposed technology-dependent mitigation methods, and Section 9.5
concludes the work.

9.1. Related Work

HPC systems, for example, those that incorporate GPUs, utilize distributed processing units known as
streaming multiprocessors (SMs) for parallel processing. Workloads are partitioned into thread arrays
(e.g., cooperative thread arrays, or CTAs) dynamically scheduled across SMs. In this structure, the
performance highly depends on efficient hardware-managed context switching between groups of active
threads. This requires rapid state retention via SRAM-based register files, which are preferred over
latches/flip-flops for PPA efficiency. Parallelism is fundamentally constrained by register file capacity,
driving the progressive scaling of resources [104]. However, increased parallelism elevates access
frequency, exposing reliability vulnerabilities: unlike RAM structures, for which data hold is predominant,
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Figure 9.1.: (a): The one-write-one-read (1W1R) register file bit-cell includes labeled driver locations (e.g., write bit line,
Writepr), access transistors (e.g., AWpr) connected to bit lines (BL and BLB), and parasitic elements (e.g., Rp, Cp) on BL and
BLB. (b): Comparison of SA switching speed for FDSOI and FinFET SRAM-based register files at WL = 300 ps for the nearest

cell to the SA.

register files operate in active access modes during execution and their radiation susceptibility remains

underexplored.

9.2. Radiation Modeling and Testing

In this section, we present our TCAD-based radiation modeling and testing method to evaluate the
reliability of an SRAM-based register file (128 rows, 40 columns), focusing on radiation effects during
read access time. Since write operations are inherently more resilient to radiation-induced soft errors, our
analysis primarily focuses on read operations. In addition, error probability is evaluated based on various
key factors such as cell location. The key steps are shown below.

9.2.1. TCAD Model Calibration

The Sentaurus Device Simulator is used to simulate N- and P-type transistors using the drift-diffusion
model, calibrated to process design kit (PDK) specifications. TCAD parameters for FDSOI and FinFET

are detailed in previous chapters.

9.2.2. Modeling Radiation-Induced Current

We use TCAD to simulate radiation effects with a track length of 1 ym and a Gaussian width of 10 nm.
For the FDSOI register file, the worst-case error probability stabilized at approximately 30% for linear
energy transfer (LET) exceeding 60 MeV*cm?/mg, which we set as the baseline LET for testing with a
range of £20% to evaluate the effect of particle energy variation on error probability. However, for the
FinFET register file, these energy levels lead to nearly 100% error probability, as FinFETs require a much
lower LET to match the error probability of 22nm FDSOI [105]. To ensure comparability, a LET of
1.82MeV*cm?/mg is set as the baseline. Although LET ranges differ across technologies, the trends
in error probability remain consistent, enabling comparative analysis of technology scaling effects on

radiation-induced failures.

9.2.3. Identifying Impactful Factors

We investigate the effects of radiation on the SRAM-based register file by exploring the effect of several
factors. The analysis considers multiple dependencies affecting error probability. Since charge collection
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9.3. Results and Discussion

dynamics vary depending on stored bit value, we evaluate error susceptibility separately for reading a
cell storing logic ‘0’ (R0) and logic ‘1’ (R1). Location dependency is examined using three test cells in
column 39, the farthest from the WL drivers, based on their distance from the sense amplifier (SA): the
nearest cell (row 127), the farthest cell (row 0), and the middle cell (row 63). Moreover, radiation energy
dependency is assessed using different LETs for the FDSOI and FinFET register files, as described in
Section 9.2.2, to analyze the effects of LETs and technology scaling on error probabilities. In addition,
read word-line activation (WL) width dependency is investigated by varying the WL width between 200
ps and 300 ps in 25 ps steps while maintaining an operating frequency of 1.3 GHz.

9.2.4. Calculating Error Probability

Error probabilities are determined by monitoring the SA output during read operations. The output is
measured at the midpoint of the SA enable signal before pre-charging read bit lines (Readp;, and Readpp)
for the subsequent read operation. An error is recorded if the outputs of the SA fail to reach the 90%
proximity of the expected value.

9.3. Results and Discussion
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Figure 9.2.: Error probability of the FDSOI SRAM-based register file under various linear energy transfer (LETs), with
arrows representing the increase in error probability for R0 operations. LET: (a) 48 MeV*cm?/mg, (b) 60 MeV*cm?/mg, (c)
72 MeV*cm?/mg.
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Figure 9.3.: Error probability of the FinFET SRAM-based register file under various LETs. LET: (a) 1.46 MeV*cm?/mg, (b)
1.82 MeV*cm?/mg, (c) 2.18 MeV *cm?/mg.

This section presents the key findings from the radiation testing of SRAM-based register files, focusing
on factors affecting read error probability, including data type, cell location, strike energy, technology,
and their dependencies on RC load and WL width.
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9. Analysis and Mitigation of Radiation Effects in SRAM-based Register Files

9.3.1. Simulation Setup

The one-write-one-read (1W1R) register file bit-cell (Fig. 9.1(a)) comprises two cross-coupled inverters
for data storage and four access transistors, enabling independent read and write operations. The writing
and reading processes are controlled by dedicated WL (WLB) and BL (BLB). The parasitic RCs per cell
are summarized in Chapter 6 and Chapter 7. Electrical-level simulations are performed with 1000 Monte
Carlo iterations to account for the impact of process variation.

9.3.2. Impact of RC Load

During a read operation, either Readp;. or Readpy g discharges while the other remains at a high pre-charged
level. The transient decay rate of the discharging BL determines the register file’s susceptibility to
radiation-induced errors. The voltage decay, modeled by Equation (9.1), assumes an initial pre-charge of
Vad, where R and C represent the total resistive and capacitive load of the discharge path:

V(t)=Vyg-e 7, 1=R-C 9.1)

The transient discharge rate, given by ‘2—‘: oc —%, influences register file stability during read operations.
A lower RC time constant (7) accelerates BL discharge, reducing the SA’s noise margin and increasing
vulnerability to radiation-induced transients. This model characterizes SRAM-based register file behavior

under radiation during read operations.

9.3.3. Impact of Read Word-Line Activation Pulse-Width

As shown in Fig. 9.1(b), the FinFET register file has a much smaller sensitive time window to radiation
due to the fast charging and discharging speed of read bit-lines. As a result, as seen in Fig. 9.2(a) to Fig.
9.2(c), the FDSOI register file exhibits a strong dependency on WL width, as a longer WL prolongs data
retention during read operations, increasing susceptibility to radiation-induced errors. Expanding WL
from 200 ps to 300 ps can raise error probability by up to 18%. In contrast, the FinFET register file is
more sensitive to RO operations, but WL width does not affect its error probability (Fig. 9.3).

9.3.4. Impact of Read Operation

Fig. 9.2 and 9.3 show radiation-induced error probabilities during read operations. In both FDSOI
and FinFET SRAM-based register files, R0 operations exhibit significantly higher error rates than R1.
In the FDSOI register file, the error probability for RO operations increases with WL width, while R1
operations are minimally affected by WL width. In contrast, for the FinFET register file, WL width
has no effect on error probabilities for R0 operations. The difference in radiation susceptibility between
RO and R1 operations stems from the discharge dynamics during read operations. In an R1 operation,
ARp; discharges Readpy, but parasitic RC on Readyyy slightly lowers its gate voltage. In contrast, during
RO, ARg; g receives a higher gate voltage, resulting in lower equivalent resistance and faster discharge,
as discussed in Section 9.3.2. This faster discharge increases the susceptibility of R0 operations to
radiation-induced errors compared to R1.

9.3.5. Impact of Cell Location

Error probability analysis reveals a strong dependence on the radiation-affected cell’s location relative to
the SA. In the FinFET register file, the farthest cell exhibits no errors across 1000 Monte Carlo simulations
for both R0 and R1 operations, while the middle and nearest cells show similar error probabilities. In
contrast, for the FDSOI register file, the nearest cell consistently has the highest error probability, with
the gap widening at higher radiation energy levels. Additionally, WL width significantly affects RO errors
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Figure 9.4.: Radiation-aware mitigation strategies. (a) FDSOI: Adaptive location-dependent WL width modulation, (b) FinFET:
Compensating RC parasitic structure.

across different cell locations. As shown in Fig. 9.2(c), reducing the WL width to 200 ps significantly
reduces the error probability gap between the nearest and farthest cells. However, R1 errors remain
insensitive to WL width but still vary with cell location. These results highlight the critical impact of cell
location, as the increased distance from the SA introduces greater RC delay, slows BL discharge, and
reduces radiation susceptibility.

9.3.6. Impact of Radiation Energy

We analyze the impact of radiation energy and WL width on error probabilities in FinFET and FDSOI
SRAM-based register files. As shown in Fig. 9.3, increasing LET causes a sharp rise in R0 error
probability in the FinFET register file, reaching nearly 100% at high LET values. However, WL width
has no observable impact in this case. Sensitivity also varies with cell location, with those closest to
the SA being the most vulnerable, as discussed in Equation (9.1). In contrast, the FDSOI register file
shows increased radiation sensitivity with wider WL pulses, although LET remains the dominant factor.
In summary, the FinFET register file is robust at low LET but becomes highly error-prone at elevated
energies, while the FDSOI register file exhibits stronger WL width dependence at low LET and error
saturation at higher values.

9.4. Technology-Dependent Mitigation Strategies

For FDSOI technology, the radiation-induced errors are not only location-dependent but also susceptible
to the WL width. We propose an adaptive, location-dependent WL width for the SRAM-based register
files as shown in Fig. 9.4(a), with a longer WL width applied to the less susceptible farthest cells and
a shorter WL width assigned to the more vulnerable nearest cells to reduce radiation impact. The flag
signal for adaptive WL width can be generated using a few of the most significant bits (MSBs) of the
register files’ row address. The number of selected MSBs defines the group of rows in the register file that
operate under the shorter WL width. For instance, selecting two MSBs will enable the 32 rows (nearest to
the SA) under the effect of shorter WL. As shown in Fig. 9.2(c), decreasing the WL width (e.g., from 300
ps to 200 ps) for the nearest cell can reduce the error probability by 18%. However, while increasing WL
width improves the noise margin, it also exacerbates radiation-induced errors. This trade-off must be
carefully balanced when selecting adaptive WL width.
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9. Analysis and Mitigation of Radiation Effects in SRAM-based Register Files

Table 9.1.: Results of error probability reduction due to mitigation for the worst-case scenario (Fig. 9.3(c)) in the nearest cell
(baseline: no compensating RC) and the SRAM-based register file’s read energy.

Error probability (%) | R:(Q) ‘ C. (f) Energy (pJ)
100% No compensating RC 1.37
43% 10k 8f 1.55
0 10k 10f 1.58

For the FinFET SRAM-based register file, whose radiation susceptibility is relatively insensitive to
WL width, we propose enhancing radiation resilience by adding a compensating RC parasitic structure
at the SA inputs (Fig. 9.4(b)). Inspired by location-dependent radiation susceptibility during read
operations, this approach leverages the differential nature of the sense amplifier by adding identical
dummy RC components without disturbing the functionality while improving radiation resilience. Table
9.1 summarizes the results. However, this compensation method increases energy consumption by up to
15.3% during read operations under worst-case conditions.

9.5. Conclusion

This study investigates radiation-induced soft errors in SRAM-based register files implemented in 22 nm
FDSOI and 12 nm FinFET technologies, with a focus on read operations rather than data hold time. Error
probability is shown to depend on several factors, such as word-line width, with reads of logic ‘0’ being
more vulnerable than logic ‘1°. To mitigate these effects, we propose technology-specific solutions: an
architecture-level adaptive location-dependent word-line width modulation for FDSOI, and a circuit-level
compensating resistor-capacitor structure for FinFET. Our study highlights the need for technology-specific
optimizations to enhance the resilience of SRAM-based register files in high-performance computing
systems operating in radiation-prone environments.
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10. ChatTCAD: Leveraging Large Language Models for
Automated TCAD Simulation File Generation

Continued progress in semiconductor technology increasingly depends on innovations in both device
architectures and materials to maintain improvements in performance, power efficiency, and cost. As
conventional geometric scaling approaches physical limits, advanced device architectures and emerging
materials are being introduced to extend CMOS scaling and address new application requirements.

However, these advances are increasingly accompanied by reliability challenges. Aging mechanisms
such as NBTI, Hot Carrier Injection (HCI), and Time-Dependent Dielectric Breakdown (TDDB) contribute
to long-term circuit degradation. Accurate analysis and mitigation of these effects require detailed
wafer-level testing and physics-based simulation, which are both time-consuming and costly.

TCAD has become an important tool for physics-based modeling of semiconductor device behavior
and reliability. However, the complexity of TCAD environments limits their accessibility for many circuit
designers, especially in the context of DTCO and STCO, where efficient interaction between device,
circuit, and system levels is increasingly required.

In recent years, LLMs have demonstrated strong capabilities in EDA tasks such as code generation,
circuit optimization, and verification. However, the application of LLMs to TCAD automation and
semiconductor reliability analysis remains largely unexplored.

This chapter is based on the work published in [8]. It introduces ChatTCAD, the first framework
that leverages fine-tuned LLMs for automated TCAD device file generation through natural language
interaction. ChatTCAD transforms high-level user specifications into executable and physically consistent
simulation scripts for a wide range of two-dimensional devices. By automating the code generation
process, ChatTCAD significantly reduces the learning curve for TCAD users and accelerates the simulation
setup. The main contributions of this chapter are as follows:

* A TCL-to-Python translation approach that transforms complex TCL-based TCAD simulation
commands into Python functions, improving both model training efficiency and extensibility.

* A dataset generation pipeline for the construction of synthetic datasets using GPT-40 [106],
specifically for fine-tuning LLMs on TCAD device files.

* A single-shot prompting strategy for generating and debugging individual simulation functions
(e.g., region generation, doping definition).

* An enhanced table-based prompting strategy that decomposes complex devices into modular
subcomponents. This enables the generation of both single-device structures (e.g., transistors) and
multi-device systems (e.g., inverters), expanding the versatility of ChatTCAD.

The structure of this chapter is as follows: Section 10.1 provides background on the use of LLMs in
EDA and machine learning applications in TCAD simulations. Section 10.2 outlines our methodology,
including the proposed workflow, prompt strategies, and our approach for generating synthetic datasets
used to fine-tune the Llama-3-8B-Instruct model. Section 10.3 presents an evaluation of the fine-tuned
model’s performance. Finally, Section 10.4 concludes with a summary of the work.
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Figure 10.1.: Overall workflow of the ChatTCAD framework.

10.1. Preliminaries

10.1.1. Large Language Model in EDA

LLMs have gained prominence in the ML community for their ability to interpret both natural language and
complex structured data. LLLMs such as Llama-3-8B-Instruct [107] have demonstrated strong performance
across a wide range of tasks, and their potential within EDA is gaining interest due to their ability to
process and generate technical content. For example, Auto-SPICE is proposed in [108] for extracting
SPICE netlists from analog schematics, using You Only Look Once-based component detection and Deep
Hough Transform-based net recognition. In addition, LayoutCopilot [109] leverages LLM-driven design
suggestions in combination with human feedback to enhance analog layout productivity.

10.1.2. Machine Learning for TCAD Simulation

ML techniques have proven effective in accelerating simulations and simplifying calibration tasks in
TCAD. For example, [110] proposed a TCAD-ML framework combining model calibration with principal
component analysis and polynomial regression to enable device variation analysis from current—voltage
(I-V) characteristics. To date, only one study [111] has applied LLMs in TCAD, generating FinFET
device files by tuning geometrical parameters. However, its focus on similar FinFET structures limits
generalization to broader TCAD use cases, which has been addressed in our work.

10.2. Methodology

In this section, we introduce our proposed LLM-based framework for generating TCAD device files from
natural language descriptions. The goal is to bridge the gap between circuit designers who may lack
detailed knowledge of device construction and the complexity involved in writing valid TCAD device files.
As shown in Fig. 10.2, the user provides a high-level natural language description of the semiconductor
device, such as its doping characteristics. The framework then generates a complete, executable TCAD
device file that includes all necessary components (e.g., doping and meshing). To build this system, we
first review a set of representative TCAD device files and extract commonly used TCL functional blocks,
which are then abstracted into structured Python functions. We use GPT-40 to generate synthetic datasets
for fine-tuning the Llama-3-8B-Instruct model, selected for its strong performance and computational
efficiency. After the initial fine-tuning, we conduct iterative prompt refinement to enhance dataset quality
and model robustness.
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10.2. Methodology

10.2.1. Function Block Decomposition

Training LLMs on full device simulations is challenging due to limited data diversity and accuracy
degradation with long input token sequences [112]. These issues make it particularly difficult to fine-tune
lightweight LLMs on complete simulation files. To address both problems, we decompose full TCAD
device files into independent functional blocks. These blocks represent key components in the device
files and can be reused across different two-dimensional device types. Each block is used to fine-tune
the Llama-3-8B-Instruct model individually, effectively mitigating both data scarcity and token-length
limitations. Specifically, our workflow is based on five fundamental TCL code blocks:

* Region generation: Defines the geometric parameters, material types, and names of individual
device regions. This includes attributes such as region dimensions (e.g., substrate thickness) and
material assignments (e.g., silicon or oxide).

* Doping definition: Specifies dopant species (e.g., arsenic or boron) along with parameters such
as peak concentration, expansion coefficient, and doping depth, which collectively determine the
impurity distribution profile.

» Contact definition: Identifies the physical locations of electrical contacts. Material properties like
work function are excluded at this stage, as they are typically specified later during device-level
simulation.

* Global meshing: Applies coarse mesh settings to non-critical regions such as deep substrate layers
to accelerate simulation while maintaining adequate resolution where precision is less critical.

* Refined meshing: Introduces fine mesh refinement in regions requiring higher accuracy, such
as material interfaces (e.g., silicon/oxide) or areas with steep doping gradients. This improves
numerical convergence and overall simulation precision.

10.2.2. Python Function Wrapper

TCL is not widely used in modern software development, making it a challenging target language for
LLMs. Compared to more commonly supported languages such as Python, LLMs often struggle to
produce accurate and reliable TCL code. Additionally, device files follow strict syntactic rules, where
even minor punctuation errors can render an entire file invalid. To mitigate these challenges, each block
is wrapped as a Python function. This abstraction allows the Llama-3-8B-Instruct model to generate only

)

®

Figure 10.2.: Example CMOS device generated using the proposed ChatTCAD framework. (A) Gate Contact, (B) Source/Drain
Doping and Lightly Doped Drain (LDD), (C) P-Well region.
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10. ChatTCAD: Leveraging Large Language Models for Automated TCAD Simulation File Generation

the function arguments, rather than full TCL code. By simplifying the generation task and enforcing a
structured output format, this approach significantly reduces the likelihood of syntax-related errors.

10.2.3. Prompt Engineering for Single-Function Mode

Prompt design is essential for guiding LLMs to generate accurate and structured outputs [113], particularly
during fine-tuning. Our system supports two generation modes for different use cases: Single-Function
Mode (SFM) and Complete-Device Mode (CDM), as shown in Fig. 10.3. SEM is intended for generating
individual functional blocks, enabling focused debugging and learning. This mode is particularly useful
during the early stages of development, where full-device simulation is not required. CDM, in contrast,
supports the generation of complete device files from a single prompt. For SFM, we use one-shot textual
prompts based on synthetic data generated by GPT-40. For CDM, we employ a tabular Chain-of-Thought
(CdT) prompting strategy, which helps guide the model through step-by-step reasoning for complete
device construction. As highlighted in prior work [114], synthetic datasets often suffer from issues such
as low diversity, limited robustness, and noisy inputs. We address the most relevant challenges as follows.

10.2.3.1. Lack of diversity

Synthetic datasets often overrepresent certain keywords while underrepresenting others, limiting their
linguistic diversity. To better simulate the variability of real user inputs, we prompt GPT-40 to generate
more natural phrasings using passive constructions, imperative forms, and paraphrasing. Building on the
approach from [115], we adopt a hierarchical trigger—root—branch—leaf keyword strategy, as illustrated in
Fig. 10.3 @:
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Figure 10.3.: Detailed prompt engineering and synthetic dataset generation steps for SFM and CDM.
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» Trigger: Verbs or phrases that initiate user intent (e.g., “define”, “I want to create”).
* Root: The object being created (e.g., "region").

* Branch: Attributes or descriptors (e.g., “length”).

» Leaf: Specific instance names or materials (e.g., "contact", "Silicon").

We generate user-like instructions by randomly sampling keywords from each pool and combining
them into a complete SFM prompt instruction, as shown in Fig. 10.3 @.

10.2.3.2. Insufficient Mutation

Synthetic datasets may not capture the complexity and imperfections found in real-world user inputs.
To address this, we introduce realistic user-like variation, including typographical errors and phrasing
diversity by introducing mutations into correct samples. These include typos, sentence reordering, and
variations in command length, all applied within the trigger—root-branch—leaf framework. This strategy
improves model robustness and enhances generalization to noisy inputs, as illustrated in Fig. 10.3 €).

10.2.3.3.Faulty Data

Synthetic data may lack realistic errors, leading to overfitting on perfect examples. To address this,
we introduce incomplete commands and incorrect function arguments in our training data. These are
paired with clear error type annotations to help the model learn to recognize common user input mistakes

(Fig. 10.3 @).

10.2.3.4.Duplicated or Incorrect Data

Since LLM-generated synthetic data may include duplicated or syntactically incorrect instructions that
do not conform to the defined Python functions, we apply a syntax checker to filter out such cases. As
illustrated in Fig. 10.3 @, this step eliminates both redundant entries and invalid attribute combinations,
resulting in a high-quality, robust pool of human-like SFM instructions.

An example of a complete SEM prompt instruction is shown in Fig. 10.4. The system prompt defines
the model’s expected behavior and output format, with key instructional keywords highlighted in green.
The output is required in JavaScript Object Notation (JSON) format, which has been shown to improve
LLM precision compared to plain text [116]. In the user prompts, red-highlighted keywords illustrate
natural variation and minor spelling errors, simulating the types of imperfect input that may occur in
real-world usage. Prompt A includes all required attributes, allowing the model to generate a valid Python
function. Prompt B, in contrast, serves as an example of incomplete input. It omits the material field and
uses a more formal phrasing style. The model correctly identifies the missing information and returns
an appropriate error. By fine-tuning the LLM on this dataset, generated using our prompt strategy, we
improve its ability to handle phrasing variability and to detect incomplete or faulty user inputs.

10.2.4. Prompt Engineering for Complete-Device Mode

Prompt engineering for CDM presents additional challenges compared to SEM. The key challenges are:

* Multi-step generation: Constructing a complete device requires multiple interdependent steps.
Simple prompting strategies, such as one-shot or few-shot learning, often fail to produce satisfactory
results [117].
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* High inter-step dependency: The generation process involves strong dependencies between steps,
particularly in coordinate assignments and region sequencing, making it a complex reasoning task
for the model.

* Long sequences and limited debuggability: Complete device files are token-heavy, which can
hinder the performance of lightweight LLMs. Furthermore, one-shot or few-shot generation lacks
transparency and makes debugging more difficult.

To address these challenges, we adopt CoT prompting [118] as a strategy for CDM. CoT enhances
the reasoning capabilities of LLMs by encouraging them to work through intermediate steps, improving
performance and robustness on complex tasks compared to conventional prompting methods. To structure
this reasoning more effectively, we employ tabular CoT, which organizes information in a compact and
interpretable format. This approach reduces verbosity and enables structured updates across both rows
and columns [119]. It is particularly well-suited to our task, where the coordinates of regions, contacts,
and doping steps are interdependent and must be computed incrementally. Tabular CoT allows the model
to focus on spatial relationships with minimal distraction from irrelevant text.

10.2.4.1. Prompt Strategies for CDM

To enable text-to-simulation file translation in CDM, we define a system prompt that guides the LLM to
act as a structural reasoning assistant for complete semiconductor device modeling. The prompt instructs
the model to convert a natural language structure description into a table-based reasoning format, where

System Prompt

You are an intelligent assistant specializing in electrical engineering and
semiconductor device simulation. Your task is to assist users in generating input
files for the TCAD tool, Sentaurus Structure Editor. You are also proficientin TCL
and Python programming. Mode: Single-Function-Mode

When users provide a natural language description of a semiconductor MOSFET
structure, you MUST call the appropriate predefined Python functions to generate
regions. You MUST return your response in JSON format: {"functions": response}.
You MUST NOT include any other text in the response.

User Prompt A User Prompt B

Hi, ’'m building the channel region of

FDSOI device. First, a box must be Could you construct a rectangle region
generated using silicone, lets call it named channel. Its center locates at (0
channel. Then | would like to define its nm, 0 nm). Length and thickness are
length as 30 nm, and the heightis 10 30 nm and 10 nm.

nm. Let's put its center at (0 nm, 0 nm)

A 4 A 4

Assistant Prompt A Assistant Prompt B
'functions': 'Region_channel = 'functions': 'Error: The function is
define_rectangle(‘channel;, (30, 10), (O, incomplete. Missing attributes:
0), material=‘Silicon') ' material.

Figure 10.4.: Example of a complete SFM prompt for region block generation, with key keywords highlighted.
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System Prompt

You are a layout reasoning assistant for TCAD-based semiconductor device
design and simulation. Your task is to:
1. Extract region information from a natural language layout description.
2. Convert it to a structured region table with all centers initialized to (0, 0).
3. Use grouped step-by-step reasoning to update center coordinates using
relative positioning, including vertical offsets.
4. Extract contact placement information in a table, including:

- Contact name

- Associated region

- Contact side (top, bottom, left, right)

- The actual (x, y) coordinate of the contact based on geometry
5. Extract doping placement information in a table, including:

- Doping type (constant or gaussian)

- Doping peak concentration, bottom concentration

- Vertical depth, horizontal expansion factor

- The actual (x, y) coordinate of the doping profile based on geometry
6. Define global and local meshing strategies in a table, including:

- Global meshing size

- Material interface meshing size

- Remeshing factor for doped Silicon
7. Output the region, contact, doping, remeshing tables.
All reasoning and output must be in **Markdown tables**.
You MUST NOT include any explanations or extra text, only the 7 result tables.
Mode: Complete-Device-Mode

Figure 10.5.: Example of a CDM system prompt, with key instructional keywords highlighted in green.

the coordinates and attributes of each functional block (e.g., regions, contacts) are computed step by
step. These resolved blocks are then represented as Python function calls and ultimately merged into a
complete simulation file, as illustrated in Fig. 10.3. The system prompt in Fig. 10.5 defines the following
core components, each executed through a structured, table-driven process within the user and assistant
prompts in Fig. 10.6:

Region initialization: Extract device regions from the input and initialize their center coordinates
to (0,0) in a region table.

Coordinate reasoning: Update region coordinates incrementally using spatial relationships (e.g.,
‘above’, ‘left of”), with each step recorded in a reasoning table.

Contact extraction: Identify contacts, associated regions, and placement sides. Compute their
coordinates and store them in a contact table.

Doping extraction: Extract doping types, concentration parameters, spatial extents, and placement
coordinates, organized in doping tables.

Meshing definition: Define global and local mesh sizes, material interface refinement, and
remeshing factors in a meshing table.

Output enforcement: The model is instructed to return only Markdown tables. A Python-based
function mapper then converts these structured tables into predefined function calls to generate a
complete, executable device file.
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User Prompt | | |
Arguments: shape, anchor, name.... | | i iti center ... | location....
C‘U.“ld yougenaratea rectangle made of l 1) l @ Region specific functions: _initialize(PWell)... @ poping specific functions: d_left_edge PWell)...
Silicon named Pwell ... centered at (0, 0)? It . — - -
is the anchor region ## Table 1: Initial Region Table ## Table 2: Grouped Region Reasoning Table ## Table 5: Grouped Doping Reasoning Table
Regio Rela Position Ce Step Event Operation p Rule Applied e
Above the Pwell, place a box called Gox .. @] [ _Pwel | - | None [anchor | 00 |(] 1 AnchorPWell | rinktiaze) | .. | |— S = B (W ooy oo NS o [(200.1,5500.0
Gox Pwell | Above | (0,0) 2 Place Gox r_above() 2 | . | x=centerofSpacer-... | (-60.0,-500.0)
The gate contact goes on top of the gate... 9 ‘ [
Define a gaussian arsenic doping for the Update
source, starting from the far-left edge of the location ...
PWellto the |eft spacer ... ## Table 3: Final Region Table
I —
Usea3nm mes ing atinterfaces of Bell 00, 0,0 W Table 4: Contact Table
il i G 100 0,-502.5)
Silicon and Oxide ... oX { d ContactName Event Operation ...
GateContact | Top edge of Gate | c_top_edge() ...

T R R |

Reference for Table 4-7

## Table 6: Final Doping Table ## Table 7: Meshing Table
Doping Name a Table 3,4,6,7
SourceDop | ... | 1820 | (-200.0,-500.0) | (-60.0,-500.0) Global Mesh Size 20
PWelDop | . | 1te17 0.0,00) NA Interface MeshSize 3 ‘ Python Function Mapper ‘ Executable SSE file

Figure 10.6.: Step-by-step tabular CoT reasoning process for CDM. Tables 1-7 show incremental spatial and physical feature
resolution.

10.2.4.2.The proposed Tabular COT

At the core of our framework is a tabular CoT reasoning process that computes structural coordinates and
attributes step by step, as shown in Fig. 10.6. All information in the tables is derived from the user’s
natural language description of the device structure.

The process begins with region initialization (Table 1), where structural blocks such as PWell are
defined using geometric attributes, material information, and relative spatial constraints such as above
PWell. These relations are progressively resolved in the Grouped Region Reasoning Table (Table 2)
through symbolic spatial operators such as rpove, €ach associated with a corresponding Rule Applied
field. The applied rule determines the coordinate transformation required to update the center position of
a region relative to a reference structure, enabling consistent spatial alignment. The resolved coordinates
and dimensions are then consolidated in the Region Table (Table 3), which serves as the geometric
foundation for subsequent placement of functional structures, including contacts and doping regions.

Based on Table 3, the model infers additional physical features: contacts are placed relative to region
boundaries (Table 4), and doping profiles are determined through edge-based reasoning steps (Tables
5-6), each accompanied by its own update rule. Finally, global and local meshing settings are defined in
the Meshing Table (Table 7). Once all tables are completed, they are passed to a Python-based function
mapper, which invokes the fine-tuned SFM model to generate the corresponding function calls and
assemble a complete, simulation-ready device file.

10.3. Results and Discussion

The fine-tuning is conducted using two NVIDIA A100 GPUs. To reduce memory overhead, the
Llama-3-8B-Instruct model is loaded with 4-bit quantization. For supervised fine-tuning, we use a
learning rate of 2 X 107*, a context length of 1024 tokens, and FP16 precision to balance training speed
and numerical accuracy. The Adam optimizer with weight decay is employed for optimization. Each
dataset generated using the proposed synthetic data generation method contains approximately 10,000
samples. For evaluation, we monitor the step-wise cross-entropy loss and record the value every 10
steps to track training progress. As we observe that training consistently converges within 300 steps
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Figure 10.7.: Cross-entropy loss comparison during supervised fine-tuning for region generation in SFM. (a) Training with a
baseline GPT-40 synthetic dataset. (b) Training with the proposed pool sampling-based dataset, showing faster convergence and
lower final loss.

across all experiments, we report the results of supervised fine-tuning within this 300-step window. The
corresponding training curves are presented in the following subsections.

10.3.1. Evaluation of Dataset Generated for SFM

We evaluate the effectiveness of the proposed pool sampling-based synthetic dataset generation method
using the region generation task in SFM as an example. As shown in Fig. 10.7, the method significantly
improves training efficiency by reducing the cross-entropy loss during fine-tuning of the Llama-3-8B-
Instruct model.

Without the proposed method, the loss plateaus around 0.27 and converges slowly, stabilizing only
after approximately 200 steps (Fig. 10.7(a)). In contrast, the dataset generated with our sampling strategy
demonstrates faster convergence and achieves a substantially lower final loss, dropping below 0.001
within the first few steps (Fig. 10.7(b)). Evaluation results for other functional blocks, including contact,
doping, and meshing, are shown in Fig. 10.8(a)—(c), where the final training loss remains consistently
below 0.001, confirming the generalizability and robustness of the synthetic dataset generation method
across tasks.

10.3.2. Similarity Evaluation

As shown in Fig. 10.8(d), the proposed tabular CoT prompt strategy also demonstrates strong performance
in CDM. The final training loss for CDM converges around 0.01, which is slightly higher than that for
SFM tasks. This is expected due to the increased input complexity and longer token sequences in CDM
prompts. Nevertheless, the results confirm that the model can learn structured multi-step reasoning
effectively, validating the efficiency of our proposed tabular CoT strategy for complete device simulation
file generation.

To assess the correctness of LLM-generated device files, we compare them against expert-designed
reference device files. The goal is to determine whether the generated file accurately represents the
intended device structure and is functionally usable for simulation. While text-based metrics such as
Bilingual Evaluation Understudy (BLEU) are commonly used in language generation tasks, they are not
well-suited for TCAD device files. BLEU is sensitive to token order and does not account for structural
meaning. For example, two files may describe the same physical device using different block orders,
which would lead BLEU to assign a low score.
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Figure 10.8.: Cross-entropy loss across various functional blocks. (a) Contact, (b) Doping, (c) Meshing, (d) CDM with Tabular
CoT prompting.

To address this limitation, we adopt a structure-aware, block-level comparison strategy. Both the
generated file G and the reference file R are parsed into sets of functional blocks—regions, contacts,
doping, and meshing. Each block is represented as a structured set of attributes such as material,
dimensions, and coordinates. If a one-to-one alignment between blocks is known, we compute block-level
BLEU scores for each aligned block pair and report the average scores. To quantify similarity, we define
the score as follows. 7~ denotes the set of block types. For each type t € 7, G; = {g1,...,9n,} and
R; = {ry,...,ry, } are the aligned blocks from the generated and reference files, respectively.

1

S= D E 2 BLEU(G;, R;)

te7 Mt =1

We applied this evaluation to the BJT and SiGeHBT example codes provided in the Sentaurus TCAD. Both
generated files achieved an average block-level BLEU score above 0.96, demonstrating the high fidelity of
our framework in replicating expert-designed device files.

10.4. Conclusion

In this work, we presented ChatTCAD, a framework that leverages fine-tuned large language models to
generate structural Technology computer-aided design (TCAD) device files for two-dimensional devices
from natural language inputs. By modularizing TCAD scripts and fine-tuning the Llama-3-8B-Instruct
model with our proposed synthetic dataset and prompt strategies, ChatTCAD can reliably generate
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simulation files that closely match those written by experts. As Design-Technology Co-Optimization
and System-Technology Co-Optimization require tighter links between device-level modeling and
circuit/system design, ChatTCAD enables circuit designers to explore and evaluate technology options
without deep TCAD expertise.
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11. Conclusion and Perspectives

11.1. Conclusion

In this thesis, reliability challenges in advanced semiconductor circuits were investigated from a multi-scale
perspective, with the main focus on aging effects, radiation-induced soft errors, and Al-assisted EDA
automation. The presented work demonstrated that technology scaling not only improves performance and
integration density but also considerably increases the vulnerability of modern integrated circuits to device
degradation, interconnect reliability issues, and transient fault mechanisms. Therefore, reliable operation
in advanced technology nodes requires comprehensive device-to-circuit co-analysis methodologies
capable of capturing both FEOL and BEOL interactions together with workload-dependent effects.

The main contributions of this thesis can be summarized as follows. In Chapter 3 and Chapter 4,
machine-learning-based methodologies for efficient SER estimation and structural SET propagation
analysis in PTL circuits were proposed to accelerate radiation reliability evaluation. Furthermore,
Chapter 5 investigated the combined impact of radiation-induced transient effects and NBTI aging on
latch timing behavior through multi-scale TCAD-to-circuit-level analysis.

This thesis also presented a unified FEOL/BEOL aging analysis framework for evaluating the combined
effects of transistor aging and interconnect degradation on SRAM writability in advanced FDSOI
and FinFET technologies. In particular, Chapter 6 analyzed the interaction between transistor aging
and interconnect degradation in SRAM structures, while Chapter 7 proposed aging-aware testing and
sensitization methodologies, including voltage-scaling-based earlier detection techniques, for predicting
aging-induced SRAM failures and estimating the remaining operational lifetime. Moreover, Chapter 8
comprehensively investigated the impact of transistor and interconnect scaling, process variation,
operating conditions, and cell location on SRAM aging behavior, together with DVFS-based mitigation
methodologies for improving SRAM reliability and operational robustness.

In addition, Chapter 9 investigated radiation-induced soft errors in SRAM-based register files and
evaluated technology-dependent mitigation strategies. Finally, Chapter 10 presented ChatTCAD, an
LLM-assisted framework for automated TCAD simulation file generation and reliability-oriented EDA
workflow automation, demonstrating the potential of Al-assisted methodologies for improving the
efficiency and automation of reliability-oriented semiconductor design flows.

Overall, the results presented in this thesis demonstrate that future semiconductor reliability analysis
increasingly requires interdisciplinary methodologies combining device physics, circuit-level analysis,
reliability-aware testing, and Al-assisted automation. The presented methodologies provide important
insights toward reliability-aware design, testing, and evaluation of future advanced semiconductor
technologies and systems under continued technology scaling.

11.2. Future Perspectives

Several directions for future work can be identified based on the results presented in this thesis. First,
reliability-driven DTCO methodologies could be further explored to jointly optimize PPA and long-term
reliability under continued technology scaling. In addition to NBTI and EM, other important degradation
mechanisms, such as TDDB and HCI, should also be incorporated into future multi-scale reliability
analysis frameworks.
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Furthermore, future studies could investigate system-level reliability-aware workload management
and adaptive operating-condition adjustment methodologies to dynamically mitigate aging-induced
degradation during runtime. In particular, workload-aware reliability optimization combined with
adaptive voltage and frequency control may provide promising approaches for extending the operational
lifetime of advanced semiconductor systems.

Finally, the rapid development of LLMs and Al-assisted methodologies opens new opportunities for
reliability-oriented semiconductor design automation. Future work may explore LLM-assisted reliability-
aware circuit optimization, automated reliability-driven design guidance, and intelligent TCAD/EDA
workflow automation for accelerating reliability analysis and improving design productivity in advanced
semiconductor technologies.
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